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P R E F A C E  
Technical Manager of this program for the NASA Lewis Research 
Center was Mr. Francis Gourash. 
The entire program "Parallel Operation of Static Inverters 
and Converters and Evaluation for Magnetic Materials" is re- 
ported in four topical reports and a summary report. 
"Inverter-Converter Parallel Operation" (ref. 1) defines and 
experimentally verifies the circuit conditions that must exist for 
operating static inverters and static converters in parallel. 
"Inverter-Converter Automatic Paralleling and Protection" 
(ref. 2) defines and experimentally verifies the electrical control 
and protection circuits necessary for isolating faulted inverters 
and converters from a parallel system while maintaining continuity 
of high-quality electric power to load equipment. 
"Evaluation of Magnetic Materials for Static Inverters and 
Converters" (ref. 3 )  defines the magnetic characteristics of im- 
proved materials for magnetic components as applied in advanced 
static inverters or static converters. 
"Load Programmer, Static Switches and Annunciator for Inver- 
ters and Converters" assesses the characteristics of static elec- 
trical switches for both ac and dc systems; defines the character- 
istics of a load programmer for maintaining power to the critical 
system loads, and provides an annunciator function for displaying 
inverter and/or converter operating conditions. 
"Parallel Operation of Static Inverters and Converters and 




L O A D  P R O G R A M M E R ,  S T A T I C  S W I T C H E S ,  A N D  A N N U N C I A T O R  
F O R  I N V E R T E R S  A N D  C O N V E R T E R S  
By R .  W .  B r i g g s ,  C ,  L .  D o u g h m a n ,  R .  D.  J e s see ,  
a n d  E .  F. S w i d e r s k i  
A B S T R A C T  
A load programmer concept developed f o r  an electric power 
system compares system capaci ty  t o  load demand and, as required,  
automatically removes lower-priority loads.  
Charac t e r i s t i c s  and experimental  test r e s u l t s  of a three-  
phase s t a t i c  s w i t c h  and a dc swi tch  are analyzed. C i r c u i t  i n t e r -  
ruption t i m e s  of less than th ree  mill iseconds are obtained f o r  
cur ren t  loads up t o  250 percent of rated value.  
An annunciator developed t o  operate  i n  conjunction with t h e  
control  and pro tec t ion  c i r c u i t s  v i sua l ly  d isp lays  the  state of 
e i ther  a dc o r  an ac system cons is t ing  of mult iple  p a r a l l e l e d  con- 
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L O A D  P R O G R A M M E R ,  S T A T I C  S W I T C H E S ,  A N D  A N N U N C I A T O R  
FOR I N V E R T E R S  A N D  C O N V E R T E R S  
By R. W. Briggs, C. L .  D o u g h m a n ,  R. D. J e s s e e ,  
and E. F. S w i d e r s k i  
S U M M A R Y  
A concept i s  developed f o r  a load programmer t o  be used i n  a 
three-phase, p a r a l l e l e d ,  a l t e rna t ing -cu r ren t  electrical system 
using s t a t i c  i n v e r t e r s .  The programmer automatical ly  determines 
whether the  e lectr ical  loads exceed t h e  system capaci ty .  I f  t h e  
system capaci ty  i s  exceeded, low-priority loads are automatical ly  
removed. I f  system capaci ty  is  not  exceeded, condi t ions are 
es tab l i shed  which permit add i t iona l  loads t o  be applied.  
The c h a r a c t e r i s t i c s  of a three-phase s t a t i c  switch r a t e d  a t  
2.2 amperes and 115 v o l t s  per  phase a r e  analyzed, and tes t  r e s u l t s  
a r e  obtained from an experimental  model. C i r c u i t  i n t e r r u p t i o n  
t i m e s  of approximately one mill isecond a r e  obtained for  cu r ren t  
loads up t o  250 percent  of r a t e d  value.  
S i m i l a r  c i r c u i t  analyses and test r e s u l t s  on an experimental  
model a r e  discussed f o r  a s ta t ic ,  d i r ec t - cu r ren t  switch r a t e d  a t  
40  amperes and 150 v o l t s .  C i r c u i t  i n t e r r u p t i o n  t i m e s  are approxi- 
mately one mill isecond f o r  r a t e d  load and increase  t o  2-3 m i l l i -  
seconds f o r  250 percent  load cur ren t .  
An annunciator system developed t o  opera te  i n  conjunction with 
the cont ro l  and p ro tec t ion  c i r c u i t s  v i s u a l l y  d isp lay  t h e  state of 
ei ther a dc system o r  an ac system cons i s t ing  of mul t ip le  convert- 
ers o r  i n v e r t e r s ,  respec t ive ly ,  opera t ing  i n  a p a r a l l e l  o r  an 
i s o l a t e d  mode. Two experimental  models w e r e  b u i l t  t o  opera te  with 
the  inverter /converter  systems descr ibed i n  t h e  r e p o r t  e n t i t l e d  
"Inverter-Converter Automatic P a r a l l e l i n g  and Pro tec t ion"  (ref.2). 





Inve r t e r  Control Contactor 
Converter Control Contactor 
Load Bus Contactor 
T i e  Bus Contactor 
LCC Load Control Contactor 
MOS Manual Override Switch ( R e s e t s  Subsystem) 
The following nomenclature is  used exc lus ive ly  i n  t h e  load pro- 
grammer po r t ion  of t h i s  r epor t ,  
LBA Line Breaker A 
LBB Line Breaker B 
TBA T i e  Breaker A 
TBB T i e  Breaker B 
O L i  
G O i  
Overload Logic Signal  f o r  Removing P r i o r i t y  i 
Load Groups by Tripping Load-Group Switches 
Load Capacity Logic S igna l  f o r  Adding P r i o r i t y  
i Loads by Closing Load-Group Switch 
Actual Current Magnitude t o  P r i o r i t y  i Loads I i  
Anticipated Current t o  P r i o r i t y  i Loads 
Load Group of P r i o r i t y  i Connected t o  Sub- 
system A 
Load Group of P r i o r i t y  i Connected t o  Sub- 
system B 
i P r i o r i t y  N u m b e r  Associated with a Load Group 
The j t h  Switched Load of a P r i o r i t y  Load Group 
INTRODUCTION 
A s  space missions become more complex and inc rease  i n  scope 
and dura t ion ,  t h e  requi red  magnitude of electric power w i l l  
increase.  One approach f o r  achieving t h i s  l a r g e r  amount of elec- 
t r i c  power i s  t o  use mul t ip le  s ta t ic  i n v e r t e r s  o r  s t a t i c  conver- 
ters and t o  opera te  these  i n v e r t e r s  o r  conver te rs  i n  p a r a l l e l ,  
While p a r a l l e l  system opera t ion  may be necessary t o  d e l i v e r  suf-  
f i c i e n t  power t o  c e r t a i n  electrical loads,  p rovis ions  should be 
included i n  t h e  system so t h a t  t h e  i n v e r t e r s  o r  conver te rs  can 
endently supply ind iv idua l  load busses ,  This i s o l a t e d  oper- 
a t i o n  a l s o  provides t h e  a b i l i t y  f o r  i s o l a t i n g  var ious  segments of 
the electrical system should a f a i l u r e  or malfunction occur. 
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This concept of p a r a l l e l  system opera t ion  has been u t i l i z e d  
i n  m i l i t a r y  and commercial a i rcraf t  fo r  s e v e r a l  years .  These 
a i r c r a f t  appl ica t ions  have used r o t a t i n g  ac genera tors  as t h e  
primary source of electric power, 
In c o n t r a s t  t o  a i rc raf t  systems, the system concept used as 
a basis fo r  t h i s  program c o n s i s t s  of a l l  s t a t i c  equipment and 
assumes t h a t  the  primary source of electric power on t h e  space 
vehicle is direct  c u r r e n t  which, for  example, could be a solar 
cel l  a r r ay  o r  a s o l a r  ce l l  a r r ay  and b a t t e r y  combination. 
Figure 1 presents  a l i n e  diagram f o r  an electric power system 
which might be used i n  a space vehicle .  T h i s  l i n e  diagram con- 
sists of a dc bus which i s  the  main source of electric power. For 
an ac  system, a s t a t i c  i n v e r t e r  is connected t o  this d c  bus through 
an electrical contactor .  The i n v e r t e r  ou tput  power i s  then de l iv-  
ered t o  a load bus for  u t i l i z a t i o n .  The i n v e r t e r  ou tput  is  also 
connected, by contac tors ,  t o  a t i e  bus which permits p a r a l l e l  
operat ion of mul t ip le  i n v e r t e r s .  
Should the  electrical  loads r equ i r e  dc power a t  a vol tage  
l e v e l  higher  than t h e  dc bus,  s t a t i c  converters  are used i n  p lace  
of t h e  s t a t i c  i n v e r t e r s .  
- DC BUS 
1 1 / 1 I C C  
T Z c  
Inverter 
C o n v e r t e r  
7 LBC 
Inverter 




Inver te r  
C o n v e r t e r  
LBC 
TBC 
AC or  DC 4 
T i e  Bus 
Figure 1. - Electric Power System Configuration 
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A space veh ic l e  has a 1.imited electric power capac i ty  and also 
has c e r t a i n  electrical loads t h a t  a t h e  most c r i t i ca l  (e.g., 
support) .  Therefore, one wants t o  pply power t o  these  most 
cr i t ical  loads t o  t h e  maximum exten Should t h e  power system 
capaci ty  be reduced because of a malfunction or f a i l u r e ,  lower 
p r i o r i t y  loads need to be removed t o  maintain continuous power t a  
t h e  h ighes t -p r io r i ty  loads. One method for s e l e c t i v e l y  d e l i v e r i n g  
power t o  var ious p r i o r i t y  loads is t o  use a load programmer wi th in  
t h e  system. 
herein.  
Such a programmer has been s tud ied  as presented 
As shown i n  f i g u r e  1, electrical contac tors  are necessary t o  
achieve p a r a l l e l  system opera t ion  and t o  provide means for  i s o l a -  
t i n g  var ious segments of t h e  electrical system. I n  previous air-  
craft electrical systems, these contac tors  have been electromag- 
n e t i c  devices which have c e r t a i n  inherent  l i m i t a t i o n s  because of 
t h e i r  moving mechanical contac ts ,  These l i m i t a t i o n s  inc lude  sus- 
c e p t i b i l i t y  t o  contac t  contamination and p i t t i n g  from host i le  
environments. Severe design cr i ter ia  of mechanical shock and 
v ib ra t ion ,  vacuum opera t ion ,  f a s t  response, repeated cyc l ing ,  mini- 
mum contac t  bounce, l o n g l i f e ,  and high r e l i a b i l i t y  are d i f f i c u l t  
t o  a t t a i n  w i t h  electromechanical contac tors .  
The s i l i c o n  semiconductor devices, with assoc ia ted  c i r c u i t s  
f o r  con t ro l l i ng  switching, make it poss ib l e  t o  dup l i ca t e  the  elec- 
tromagnetic contac tor  a c t i o n  without  the use of moving p a r t s .  
Therefore, t h e  use of s i l i c o n  semiconductor devices as s t a t i c  
switches can e l imina te  some of the  p r i n c i p a l  disadvantages of 
electromechanical contac tors ,  e s p e c i a l l y  f o r  space veh ic l e  appl i -  
ca t ions .  
Both ac and dc s ta t ic  switches w e r e  developed and eva lua t ion  
tests w e r e  performed on experimental models. 
I t  is  sometimes necessary t o  por t ray  the condi t ion ,  o r  s ta te ,  
of an e l e c t r i c a l  system such as shown i n  f i g u r e  1. 
an as t ronaut  o r  opera tor  on a space vehic le  needs t o  know whether 
contactors  are open or closed,  whether a malfunction has  occurred 
and i f  so what c o n s t i t u t e s  t h e  malfunction and where it i s  located.  
This  type of information can be obtained e l e c t r i c a l l y  and can be 
displayed by an annunciator. 
with inver te r /conver te r  systems as described i n  the r e p o r t  e n t i -  
t l ed  "Inverter-Converter Automatic P a r a l l e l i n g  and Pro tec t ion"  
(ref. 2) w a s  developed. 
annunciator) w i l l  probably be required i n  f u t u r e  manned space vehi- 
cles of long-mission durat ion.  
For example, 
A n  experimental annunciator f o r  use 
These three elements (load programmer, s t a t i c  switches,  and 
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L O A D  P R O G R A M M E R  
Purpose o f  Study 
The purpose of t h e  load programmer study w a s  t o  determine t h e  
requirements f o r  a general-type load programmer. While t h e  load 
programmer can be adapted t o  various load p r o f i l e s  o r  var ious 
p r i o r i t y  l eve l s ,  t h i s  ana lys i s  is based on four load p r i o r i t i e s  t o  
provide an a n a l y t i c a l  base for the  techniques presented. Although 
t h e  ana lys i s  presented discusses  t h e  i n v e r t e r  system i n  p a r t i -  
cu l a r ,  the  derived equations and bas i c  approach also apply t o  
converter systems. The primary d i f fe rence  l ies i n  t h e  cu r ren t  and 
voltage sensing c i r c u i t s .  The programmer funct ions considered i n  
the  ana lys i s  are: 
1) Monitor t o t a l  system and subsystem loads t o  provide f u l l  
u t i l i z a t i o n  of t h e  ava i l ab le  p o w e r  system capacity.  
2 )  Establ ish a load p r i o r i t y ,  appl icable  t o  various load 
p r o f i l e s ,  t o  maintain a continuous flow of power i n  accordance 
w i t h  t he  se lec ted  load p r i o r i t y  desp i t e  f a u l t s  o r  condi t ions t h a t  
would otherwise overload t h e  system. 
Load  P r i o r i t i e s  
Loads of four p r i o r i t i e s  a r e  t o  be supplied power from an 
electric power system of three-phase i n v e r t e r s  t h a t  normally oper- 
ate i n  p a r a l l e l  through a t i e  bus. A load bus i s  connected t o  
each inve r t e r ,  such t h a t  loads may be supplied by e i ther  t h e  
p a r a l l e l  system o r  by a s ing le  inve r t e r .  Load p r i o r i t i e s  are 
assumed t o  be as  follows: 
1) Loads of p r i o r i t y  #1 are e s s e n t i a l  loads,  without which 
a mission would have t o  be abandoned immediately. Such loads 
would probably be redundant. The loads are assumed t o  be continuous. 
2 )  Loads of p r i o r i t y  #2 are e s s e n t i a l  f o r  completion of a 
mission. Temporary loss of p r i o r i t y  #2 loads,  however, w i l l  no t  
require  abandonment of a mission. 
3)  Loads of p r i o r i t y  # 3  are necessary f o r  the  f u l f i l l m e n t  of 
a l l  planned a c t i v i t i e s  of a mission. These loads do n o t  demand a 
rigorous schedule. L o s s  of these  loads w i l l  r equi re  a reduction 
of a c t i v i t i e s  and may shorten the  usefu l  mission t i m e .  
4 )  Loads of p r i o r i t y  # 4  are convenience loads and may be used 
only when power capaci ty  permits. Loss of these loads w i l l  no t  
jeopardize a mission i n  any way but  may reduce t h e  comfort o r  con- 
venience leve l .  
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B a s i c  Concepts 
Electric power system funct ions and pro tec t ion .  - The b a s i c  
funct ion of t h e  electric power system is  t o  supply power continu- 
ously t o  a l l  the load busses.  A conventional power d i s t r i b u t i o n  
system is i l l u s t r a t e d  i n  f i g u r e  1. If  any i n v e r t e r  l o s e s  i t s  
capaci ty  t o  supply power t o  t h e  p a r a l l e l  system, it must b e  isola- 
t e d  from t h e  p a r a l l e l e d  system. I f  such i n v e r t e r  can supply power 
i n  an i s o l a t e d  mode, i t s  load bus is removed from t h e  p a r a l l e l  
system and i s  suppl ied by the i s o l a t e d  i n v e r t e r .  If however, t h e  
i n v e r t e r  cannot supply power of the requi red  q u a l i t y ,  t h e  load  bus 
i s  connected t o  t h e  p a r a l l e l  system t i e  bus and the  i n v e r t e r  i s  
removed from serv ice .  
Loss of i n v e r t e r  capac i ty  may be t h e  r e s u l t  of a f a i l u r e  with- 
i n  t h e  i n v e r t e r ,  of a f a u l t  i n  feeder l i n e s  a s soc ia t ed  with t h e  
i n v e r t e r ,  or  of a f a i l u r e  of the  dc power supply. F a u l t s  which 
cause t h e  l o s s  of i n v e r t e r  capac i ty  should cause immediate isola- 
t i o n  and shutdown of t h e  i n v e r t e r  without opening t h e  t i e  bus where 
possible .  Certain f a u l t s  (such as a t i e  bus o r  load  d i v i s i o n  f a u l t )  
can cause the  l o s s  of t h e  c a p a b i l i t y  of p a r a l l e l  opera t ion  of an 
i n v e r t e r ,  b u t  no t  necessa r i ly  i t s  capac i ty  to  supply acceptable  
q u a l i t y  power. In  case of such f a u l t s ,  i s o l a t e d  opera t ion  is 
indicated.  The q u a l i t y  of power which i s  acceptable  is  a func t ion  
of the connected loads.  Many loads can ope ra t e  success fu l ly  f r o m  
sources having a good dea l  of degradation of q u a l i t y ,  while  a f e w  
cannot. The decis ion as t o  whether o r  no t  t o  remove an i n v e r t e r  
from s e r v i c e  i s  thus  dependent upon the r e l a t i v e  importance of power 
q u a l i t y  versus system capaci ty .  T h i s  dec is ion  could be a func t ion  
of a load programmer, b u t  such a func t ion  has no t  been considered 
i n  t h i s  study. 
It is assumed i n  t h i s  study t h a t  t he  con t ro l  and p ro tec t ion  
system w i l l  automatical ly  take the  requi red  a c t i o n  under f a u l t  
and overload condi t ions so as t o  make power a v a i l a b l e  a t  each load 
bus except when a f a u l t  e x i s t s  on t h e  load bus. Should a f a u l t  
occur on t h e  load bus, loads connected t o  t h a t  bus are o u t  of 
s e rv i ce  and r equ i r e  maintenance t o  r e s t o r e  them t o  se rv ice .  It is  
f u r t h e r  assumed t h a t  f a u l t s  occurr ing on the loads  themselves w i l l  
be cleared within the d i s t r i b u t i o n  system by proper fus ing  or  
l o c a l  c i r c u i t  breaker  ac t ion .  An i n v e r t e r  overload occurs  only 
when one or  more i n v e r t e r s  are ind iv idua l ly  overloaded. 
words, loading a p a r t i c u l a r  bus t o  a cu r ren t  g r e a t e r  than  t h e  rat- 
i n g  of a s i n g l e  i n v e r t e r  does not  c o n s t i t u t e  an overload unless  
the cur ren t  drawn from one i n v e r t e r  exceeds i t s  r a t i n g .  
con t ro l  system which operates  i n  conjunction w i t h  t he  electric 
power system t o  automatical ly  swi t ch  load cen te r s  on o r  off depend- 
i n g  on t h e  load p r i o r i t y ,  load demand and system capaci ty .  
I n  o t h e r  
Functions of the load programmer. - The load p r o g r a m e r  i s  a 
The 
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r e l a t i v e  magnitude of each of t h e  four p r i o r i t i e s  of load  is 
unknown, and t h e  t o t a l  i n s t a l l e d  load may exceed t h e  capac i ty  of 
t h e  electric power system. 
In  t h i s  concept of t h e  load programmer, it is  assumed t h a t  t h e  
load busses (one f o r  each i n v e r t e r )  are as r e l i a b l e  as i s  any p o i n t  
where loads may be connected. The p r i o r i t y  #1 loads are, the re fo re ,  
connected d i r e c t l y  t o  t h e  load busses and are d i s t r i b u t e d  m o r e  o r  
less equal ly  among ava i l ab le  load busses.  Redundant loads  are 
connected t o  separa te  load busses. Controls f o r  switching t o  
standby redundant loads are considered as p a r t  of t h e  loads.  N o  
provis ion i s  made i n  t h e  load programmer, t h e r e f o r e ,  t o  switch o f f  
p r i o r i t y  #1 loads.  
Loads of lower p r i o r i t i e s  may, l i k e w i s e ,  be d i s t r i b u t e d  among 
t h e  load busses. While d i s t r i b u t i o n  a f f e c t s  t h e  number of con t ro l  
elements necessary i n  the  load p rogramer ,  t h e  concept of t h e  pro- 
grammer i t s e l f  is no t  a f fec ted .  So long a s  a l l  i n v e r t e r s  ope ra t e  
i n  p a r a l l e l ,  a s i n g l e  load cen te r  f o r  a s i n g l e  p r i o r i t y  i s  s u f f i -  
c i e n t ,  r e l a t i v e  t o  t h e  load programmer. I f  only low p r i o r i t y  
loads,  however, a r e  connected t o  a p a r t i c u l a r  load bus, i t s  i n v e r t -  
er i s  l o s t  t o  higher  p r i o r i t y  loads i f  t h a t  i n v e r t e r  cannot oper- 
ate i n  p a r a l l e l .  It  i s ,  the re fo re ,  assumed t h a t  loads of a l l  
p r i o r i t i e s  w i l l  be d i s t r i b u t e d  among a l l  load busses.  
The load programmer allows loads of any p r i o r i t y  t o  be added 
by an opera tor  o r  by automatic means so long as t h e  system capac- 
i t y  i s  no t  exceeded. Should t h e  add i t ion  of load cause t h e  sys- 
t e m  capaci ty  t o  be exceeded, an overload s i g n a l  i n i t i a t e s  t h e  
removal of lower p r i o r i t y  loads,  s t a r t i n g  with those of lowest 
p r i o r i t y .  L i k e w i s e ,  t h e  removal of higher  p r i o r i t y  loads  inc reases  
the  ava i l ab le  capaci ty  and thus may automatical ly  reconnect load  
centers  of lower p r i o r i t y  t o  t h e  system. Also, t h e  loss of  an 
i n v e r t e r ,  which reduces the  system capac i ty ,  causes lower p r i o r i t y  
loads t o  be dropped so t h a t  a v a i l a b l e  capac i ty  i s  not  exceeded. 
When one o r  more i n v e r t e r s  opera te  i s o l a t e d  from t h e  p a r a l l e l  
system, t h e  load programmer opera tes  as two sepa ra t e  con t ro l  sys- 
t e m s .  One con t ro l  system dea l s  with t h e  p a r a l l e l  system, and t h e  
o the r  with the  i s o l a t e d  system independently, although t h e  same 
r u l e s  apply t o  both. Load p r i o r i t i e s  of t h e  i s o l a t e d  system are, 
the re fo re ,  independent of t h e  p a r a l l e l  system. I t  i s  p o s s i b l e  t o  
observe p r i o r i t y  r a t i n g s  throughout t h e  e n t i r e  power system, 
where i s o l a t e d  opera t ion  occurs,  only by adding considerable  com- 
p l i c a t i o n  i n  form of con t ro l s  and load t r a n s f e r  switches.  Since 
i s o l a t e d  i n v e r t e r  operat ion is  an abnormal mode of opera t ion ,  i n  
t h e  i n t e r e s t  of s impl i c i ty  i s o l a t e d  i n v e r t e r s  are considered as 
independent systems. This concept, of course,  i s  a dev ia t ion  from 
t h e  s t r i c t  p r i o r i t y  concept. For example, an i s o l a t e d  i n v e r t e r  
could supply power t o  p r i o r i t y  #4 loads even though p r i o r i t y  # 3  
loads have been removed from t h e  p a r a l l e l  system. 
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The load programmer, t he re fo re ,  allows f u l l  u t i l i z a t i o n  of t h e  
ava i l ab le  capac i ty  of the power system, while  prevent ing overload- 
i n g  even though the  i n s t a l l e d  load may g r e a t l y  exceed t h e  power 
system capaci ty .  
Implementation o f  Load Programmer 
In  the  following d iscuss ion ,  it is  intended to  set up guide- 
l i n e s  f o r  the design of a load  programmer which func t ions  as 
described i n  the  foregoing discussion.  Although t h e  c i r c u i t s  
snown can be used i n  design of t h e  load programmer, they are exem- 
p l a ry  i n  na ture ,  and no t  r e s t r i c t i v e .  Equations employed are 
necessa r i ly  general .  Design of a load programmer r equ i r e s  spec i f -  
i c  information and is ,  the re fo re ,  beyond the  scope of t h e  p re sen t  
study. 
Consider load busses A and B ,  shown i n  f i g u r e  2 ,  as poss ib l e  
load arrangements, where each load bus is powered by a s e p a r a t e  
i n v e r t e r  and i s  connected t o  t h e  system t i e  bus. Loads are i d e n t i -  
f i ed  along w i t h  t h e i r  assoc ia ted  switches according t o  p r i o r i t y  and 
c i r c u i t  i d e n t i t y .  Each load shown i n  the  f i g u r e  r ep resen t s  a group 
LOAD BUS A 
1A 2A1 2A2 3A 4A 1B 2B 3B1 3B2 4B1 4B2 
Figure 2. - Simplif ied Block Diagram of Load C i r c u i t s  
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of loads which may include a d i s t r i b u t i o n  network, c i r c u i t  b reakers ,  
switches,  etc. I n  a given p r i o r i t y ,  each group r ep resen t s  an 
a r b i t r a r y  u n i t  of load. Load c i r c u i t s  shown with t h e  same p r i o r i t y ,  
t he re fo re ,  draw approximately equal  c u r r e n t s  when f u l l y  on. Load 
groups of d i f f e r e n t  p r i o r i t i e s ,  however, do n o t  n e c e s s a r i l y  draw 
equal cur ren ts .  The load-group switches of f i g u r e  2 are considered 
as re lays  responsive t o  l o g i c  s i g n a l s  and having a u x i l i a r y  con tac t s  
usable t o  d e t e c t  t h e  s ta te  of t h e  switch (closed or t r i p p e d ) .  Each 
load-group switch is  ind iv idua l ly  responsive t o  appropr ia te  logic 
s igna l s .  
Load switching, - There are t w o  reasons for  removing a load: 
(1) t h e  opera tor  o r  automatic c o n t r o l  commands it o r  (2 )  load  
exceeds capaci ty .  Likewise, reasons f o r  adding load are: (1) 
operator  o r  automatic command o r  ( 2 )  capac i ty  becomes a v a i l a b l e  
when p r i o r  command ex i s t s .  
L e t  t h e  opera tor  command s i g n a l s  be i d e n t i f i e d  by t h e  load 
c i r c u i t  i d e n t i f i c a t i o n .  For example, 2 A 1 ,  2A2,  3A, etc. ,  are 
command s i g n a l s  t o  close load-group c i r c u i t s  2 A 1 ,  2 A 2 ,  3A, etc. ,  
while 2A1 (not  2A1) , m, m, etc. ,  a r e  t r i p  s i g n a l s .  
I f  t h e  maximum r a t e d  cu r ren t  of one i n v e r t e r  i s  I,, then an 
overload w i l l  occur i n  the  p a r a l l e l  system when I L / N > I m ,  where 
IL is t h e  t o t a l  system load c u r r e n t  and N i s  t h e  number of 
i n v e r t e r s  opera t ing  i n  p a r a l l e l .  When an overload occurs,  a l o g i c  
s i g n a l  is  produced f o r  each i n v e r t e r ,  designated as O L i .  
Arb i t ra ry  addi t ion  of loads t o  t h e  power system may cause 
overloads.  A funct ion of t h e  load programmer is  t h a t  of a n t i c i -  
pa t ing  n o t  only t h e  approximate magnitude of a load t o  be added 
bu t  a l s o  i t s  p r i o r i t y .  If  a command t o  add load is  given, t h e  
load w i l l  be accepted i f  s u f f i c i e n t  capac i ty  i s  a v a i l a b l e  o r  if 
lower p r i o r i t y  loads,  when removed, make s u f f i c i e n t  capac i ty  avail- 
able.  An overload s i g n a l  may, t he re fo re ,  be i n i t i a t e d  by a command 
t o  add high p r i o r i t y  load. 
To develop t h e  necessary an t i c ipa to ry  s i g n a l s ,  t h e  load-group 
switches must be monitored along with t h e i r  command s i g n a l s .  
t i m e  t h a t  a command s i g n a l  e x i s t s  and t h e  load-group switch is  
open, a s i g n a l  i s  received which a n t i c i p a t e s  t h e  c u r r e n t  t h a t  w i l l  
be drawn once t h e  switch c loses .  Having c losed ,  however, t h e  
switch removes t h i s  s igna l .  
Any 
L e t  t h e  an t i c ipa t ed  cu r ren t  be designated as I i p  where speci-  
f i c  i d e n t i f i c a t i o n  replaces  i i n  t h e  subsc r ip t .  The magnitude of 
Z i p  i s  dependent on t h e  number of u n s a t i s f i e d  command s i g n a l s .  
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Actual cu r ren t s  must also be monitored according t o  load  
p r i o r i t y .  These cu r ren t s  are designated, i n  decreasing p r i o r i t y ,  
as 11, 1 2 ,  13, and 1 4 .  
Load removal logic:  A current-dependent l o g i c  s i g n a l  is 
required f o r  each independent load-switching funct ion.  
i n g  f i r s t  a p a r a l l e l  system only,  t h r e e  s i g n a l s  are needed f o r  load 
removal. 
Consider- 
These s i q n a l s  represent  overload condi t ions  ( e i t h e r  a c t u a l  o r  
an t i c ipa t ed )  
p r i o r i t i e s .  
pu t  s igna l s  
and are s u f f i c i e n t  t o  remove loads of appropr ia te  
Trip s i g n a l s  f o r  load-group switches with t h e i r  out-  
a r e  as follows. 
Logic Signal  
TRIP 4A = OL4 + 
TRIP 4B1 = OL4 + 4B1 
TRIP 4B2 = OL4 + 4B2 
TRIP 4C = OL4 + E 
etc. 
TRIP 3A = OL3 + 3A 
TRIP 3B1 = OL3 + 3B1 
TRIP 3B2 = OL3 + 3B2 
etc. 
TRIP 2 A l  = OL2 + 2A1 
TRIP 2A2 = OL2 + 2A2 
















In  t h e  previous l o g i c  equat ions,  each switch rece ives  a t r i p  
Load add i t ion  logic:  A s  i n  t h e  case of load  removal, t h r e e  
s i g n a l  from e i t h e r  t he  cu r ren t  s i g n a l  o r  from l o c a l  command. 
cur ren t  s i g n a l s  are needed t o  add load of t h r e e  p r i o r i t i e s  t o  a 
p a r a l l e l  system. 
GO2 = 1 i f  (I1 + 1 2  + I2p  < NI,) 
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These s i g n a l s  i n d i c a t e  t h a t  a given p r i o r i t y  of load  i s  
acceptable  t o  the  system. 
are as follows: 
Close s i g n a l s  f o r  load-group switches 
CLOSE 3A = GO3 3A 
CLOSE 3B1 = GO3 0 3B1 
CLOSE 3B2 = GO3 3B2 
etc. 
CLOSE 4A = GO4 4A 
CLOSE 4B1  = GO4 * 4B1  
CLOSE 4B2 = GO4 4B2 
etc. 
I s o l a t e d  operat ion.  - Consider now an i n v e r t e r  and loads 
i s o l a t e d  from t h e  p a r a l l e l  system. The removal and add i t ion  of 
loads follow t h e  same l o g i c  a s  does the  p a r a l l e l  system. The 
cu r ren t s  t o  be sensed, however, are those which flow from t h e  iso- 
l a t e d  load bus rather than the  sum of load cu r ren t s .  A se t  of 
l o g i c  s i g n a l s  must, t he re fo re ,  be developed f o r  each load  bus and 
must apply t o  only i t s  own loads.  The s i g n a l s  are dup l i ca t e s  i n  
f o r m  to  those of t h e  p a r a l l e l  system. For i n v e r t e r  and load  bus A, 
f o r  example, t h e  equat ions f o r  l o g i c  are:  
The load removal s i g n a l s  s i m i l a r l y  are 
TRIP 4A = OL4A + 
etc. 
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The add s i g n a l s  are s i m i l a r  
etc. 
CLOSE 2 A 1  = GO2A * 2A1 
etc. 
Sensing c i r c u i t s .  - Figure 3 i s  a l i n e  diagram of a p a r a l l e l  
i n v e r t e r  system showing t w o  of t h e  channels.  Included are t h e  
cur ren t  sensing c i r c u i t s  and t h e  load bus arrangements. Loads are 
assumed t h e  s a m e  as i n  f i g u r e  2. 
I n  p a r a l l e l  opera t ion  t h e  l i n e  breakers ,  LBA, LBB, etc , ,  and 
the  t i e  breakers ,  TBA, TBB, etc. ,  are i n  t h e  c losed  pos i t i on ,  along 
with t h e i r  a u x i l i a r y  contacts .  The cu r ren t  t ransformers  are thus  
connected i n  p a r a l l e l  groups, with each transformer loaded by a 
burden, R. So connected, t h e  output  vo l tage  of each group is  pro- 
po r t iona l  t o  t h e  sum of the  primary cur ren t .  Voltage v4 is ,  there-  
fo re ,  a measure of t h e  t o t a l  system c u r r e n t ,  v3 is  a measure of t h e  
to ta l  system cu r ren t  less t h a t  drawn by p r i o r i t y  #4 loads ,  etc. 
Loss of an i n v e r t e r  from t h e  p a r a l l e l  system removes t h e  
r e s i s t o r  from each cu r ren t  transformer of t h e  a f f e c t e d  channel. 
This increases  t h e  burden on t h e  p a r a l l e l  transformer group and 
increases  t h e  s i g n a l  vol tages  V 4 ,  
system capaci ty  has been reduced. 
V3, and ~2~ i n d i c a t i n g  t h a t  t h e  
I f  a t i e  breaker i s  opened, leav ing  an i n v e r t e r  opera t ing  
i s o l a t e d ,  t h e  cu r ren t  transformers of t h e  a f f e c t e d  channel,  wi th  
t h e i r  burdens, are i s o l a t e d  from t h e  p a r a l l e l  group. The output  
s igna l  vol tage,  V4A f o r  example, i s  propor t iona l  t o  t h e  cu r ren t  
i n  t h e  i s o l a t e d  loads and no t  a f f e c t e d  by t h e  p a r a l l e l  system. 
Removal of t h e  cu r ren t  transformer burden wi th  t h e  isolated channel 
increases  t h e  s e n s i t i v i t y  t o  load  cu r ren t  of t h e  s i g n a l  vo l tages  
v4, v3, and vzr r e f l e c t i n g  t h e  reduced p a r a l l e l  system capaci ty .  
Current sensing equat ions f o r  a p a r a l l e l  system: I n  f i g u r e  3 
v = k ( I 1  + I 2 ) R / N  2 
v4 = k ( I 1  + I 2  + 13 + I ~ ) R / N  (3)  





































R = Resistance of cu r ren t  transformer burden. 
N = N u m b e r  of i n v e r t e r s  opera t ing  i n  p a r a l l e l .  
Current sensing equation f o r  an i s o l a t e d  system: 
etc. f o r  each channel 
Load a n t i c i p a t i o n  c i r c u i t s  : Inasmuch as t h e  load-current 
sensing s i g n a l s  are vol tages  ( f i g u r e  3 ) ,  t h e  a n t i c i p a t e d  load s i g -  
n a l s  must a l s o  be vol tages  of t h e  pr0pe.r magnitude, such t h a t  they 
may be added t o  g ive  t h e  des i r ed  monitoring s i g n a l s .  





11 + I2 I2P + -  
N N 
A c i r c u i t  f o r  d e t e c t i n g  t h e  cu r ren t  r e l a t i o n  of equat ion ( 8 ) ,  
can be synthesized by s u b s t i t u t i n g  t h e  vol tage  equat ion 
where 
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In the above equations Vm is a voltage proportional to the 
maximum rated current of one inverter (Im) and k, km and k2 are 
constants of proportionality. V is the tie bus voltage and n2 
is the number of load-group switches in the parallel system in the 
tripped position but having close command signals. The constants 
may be related by substituting equations (lo), (111, and (12) into 
equation (9). 
Comparing equation (13) with equation (8) 
km = kR 
or 
12p/n2 = k2V (16) 
The value of 12p/n2 
priority #2 loads. 
Similarly, for priority #3 loads, 
is the anticipated current per load group for 
V3 + V ~ P  < Vm (17) 
(2) v3 = kR(I1 + I2 + I3)/N 
and for priority #4 loads 
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Anticipated c u r r e n t  de tec t ion  c i r c u i t s :  A' c i r c u i t  for  obtain-  
ing  a vol tage s i g n a l  propor t iona l  t o  a n t i c i p a t e d  load is shown i n  
f i g u r e  4, cons i s t ing  of vol tage  transformers and switches.  The 
number of vol tage transformers is  equal  t o  t h e  number of i n v e r t e r s  
opera t ing  i n  t h e  system. The primary windings of t hese  t ransformers  
are connected i n  series between t h e  t i e  bus and ground. The second- 
a ry  windings are connected through a u x i l i a r y  con tac t s  of t h e  l i n e  
breakers and t h e  t i e  breakers.  I f  both breakers  of an i n v e r t e r  are 
closed so t h a t  t h e  i n v e r t e r  is  connected t o  t h e  t i e  bus,  t h e  
tran'sformer secondary i s  connected t o  a common output  po in t ;  other-  
w i s e ,  the secondary i s  s h o r t  c i r c u i t e d  t o  ground. The r e s u l t  is  
t h a t  t h e  transformer secondary windings of only t h e  p a r a l l e l  u n i t s  
are connected i n  p a r a l l e l  while t h e  o the r s  are grounded. The tie- 
bus vol tage,  V,  i s  thus d i s t r i b u t e d  equal ly  across t h e  transformer 
primary windings of t h e  p a r a l l e l  u n i t s  because a l l  o t h e r  transform- 
ers are shor t  c i r c u i t e d  and w i l l  no t  support  a vol tage.  The 
output  vol tage,  V/N, is  the re fo re ,  i nve r se ly  propor t iona l  t o  t h e  
number of transformers connected i n  p a r a l l e l .  The t u r n s  r a t i o  is 
assumed t o  be uni ty .  (Note t h a t  i f  a l l  t ransformers  are s h o r t  
c i r c u i t e d ,  it is  because the t i e  bus i s  i s o l a t e d ;  hence no vol tage 
i s  appl ied.)  
The second group of transformers is assoc ia ted  with t h e  load- 
group switches.  One transformer is used with each load group. 
Each transformer is connected through a switch (L2A, etc.) which 
closes when a group-switch command s i g n a l  is p resen t  and t h e  group 
switch is t r ipped.  The transformer primary winding is thus  con- 
nected t o  e i t h e r  t h e  voltage source,  V/N, o r  t o  ground through 
t h e  appropriate  t i e  breaker a u x i l i a r y  switch (TBA, etc.) .  The 
secondary windings assoc ia ted  w i t h  a p a r t i c u l a r  load p r i o r i t y  are 
connected i n  series such t h a t  t h e  sum of t h e i r  ou tput  vo l tages  i s  
a funct ion o f ,  n i l  t h e  number of transformers connected t o  t h e  
vol tage source V/N. ( A l l  switches (L2A, etc.) not  c losed,  s h o r t  
c i r c u i t  t h e  primary windings.) 
The output  vol tages  of t h e  c i r c u i t  are thus 
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which are t h e  vol tages  requi red  i n  the  con t ro l  c i r c u i t s ,  equat ions 
(91,  (171,  and (201. 
Load a n t i c i p a t i o n  c i r c u i t s  f o r  isolated inve r t e r s :  When an 
i n v e r t e r  opera tes  i n  an isolated mode, load programming is inde- 
pendent of t h e  p a r a l l e l  system. The equat ions for t h e  con t ro l  
vol tages  are of the  same f o r ,  however, as those i n  t h e  p a r a l l e l  sys- 
t e m ,  b u t  where N = 1. 
For 6 0 2 A  t o  e x i s t  
'1A '2A '2- I, 
The con t ro l  vo l tage  equat ion is  
vm = kmIm 
km = kR 
k2n2AVA = I2AP 
Since normally VA = V, assume t h e  same transformer t u r n s  r a t i o  
as i n  t he  p a r a l l e l  system. 
Figure 5 shows c i r c u i t s  f o r  developing V2A and v ~ ~ .  Each load  
group i n  t h e  system requi res  a s i m i l a r  c i r c u i t  f o r  isolated load 
programming. T h e  number of t ransformers  i n  each c i r c u i t  equals  t h e  
number of load groups of a p a r t i c u l a r  p r i o r i t y  opera t ing  f r o m  a 
s i n g l e  load bus. Since V2A, V3A, etc., are not  func t ions  of N, 
t hese  c i r c u i t s  are powered from t h e  r e spec t ive  load busses.  




-I-  . 
ni = NUMBER OF LOAD CONTROL SWITCHES OF SAME 
PRIORITY AND SAME LOAD BUS IN "ON" POSITION. 
EXAMPLE: IN CIRCUITS SHOWN n 2 ~  MAY HAVE VALUES 
OR 2. 
OF 0 OR 1; n2B MAY HAVE VALUES OF 0, 1, 




Summary of switching log ic .  - Logic equat ions fo r  load switch- 
i n s  were previously s t a t e d  fo r  t h e  loads connected i n  t h e  p a r a l l e l  
system ana i n  t h e  i s o l a t e d  system. 
t i e  breaker  determines whether p a r a l l e l  o r  i s o l a t e d  s i g n a l s  apply,  
t h e  equat ions may be combined t o  apply t o  e i t h e r  condition. 
genera l  logic equations are as follows: 
Noting t h a t  t h e  p o s i t i o n  of t h e  
The 
T R I P ( i )  ( X )  = [ O L ( i )  TB(X) + O L ( i )  ( X )  9 TB(Xr] + 
TRIP OUTPUT S I G N A L  = T ( i )  ( X )  
CLOSE(i) ( X )  = [ G O ( i )  TB(X) + G O ( i )  ( X )  TB(X)] (i) ( X )  
I n  t h e  equation, (i) des igna tes  load p r i o r i t y ,  ( X )  i d e n t i f i e s  
t h e  load bus, and TB(X) is a l o g i c  s i g n a l  i n d i c a t i n g  t h a t  t h e  t i e  
bus breaker is closed. 
A l t e r n a t i v e  Approach U s i n g  S t a t i c  C i r c u i t s  
An a l t e r n a t i v e  t o  t h e  transformer-relay approach of genera t ing  
cont ro l  s i g n a l s  for  t h e  load programmer is t o  use s ta t ic  c i r c u i t s  
t o  perform the  necessary l o g i c  switching funct ions.  Figure 6 shows. 
t h e  various elements of t he  load programmer sensing,  l o g i c ,  and 
comparator c i r c u i t s  f o r  a four-channel p a r a l l e l  system. 
The current-monitoring-circuits por t ion  of f i g u r e  6 provides 
equivalent  funct ion t o  t h a t  of f i g u r e  3 .  Signals  v2, v3, and v4 
provide analog information as t o  the  magnitude of c u r r e n t  t o  each of 
various combinations of p r i o r i t y  load groups. These s i g n a l s ,  i n  
conjunction w i t h  others, are used t o  determine when loads are added 
t o  o r  removed from t h e  p a r a l l e l  system. 
provides an equivalent  funct ion t o  t h a t  of f i g u r e  4 .  
The load-anticipation-monitoring-circuits por t ion  of f i g u r e  6 
Signals  v2p, 
a r e  analog s i g n a l s  i nd ica t ing  t h e  magnitudes of loads of v3P’ v4P 
20 
(I +I +... ]
1 1 2  
I # =  
Load-Current Monitoring Circuits 
Figure 6 .  - R e p l a c e m e n t  of Relay C i r c u i t s  w i t h  
S t a t i c  C i r c u i t s  for  Load P r o g r a m m e r  
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Anolog to  D i g i t a l  Converter 
1 r------- 
014 
0 4  
Over-Load and Load-Add D e c i s i o n  Making Circu i t s  I 
Figure 6. - Continued 
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P r i o r i t y  3 
L3C1 Anticipat ion 
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I S y s t e m  C a p a c i t y  Monitor 
Figure 6. - Concluded 
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each p r i o r i t y  which are des i r ed  t o  be connected t o  t h e  system b u t  
cannot because the  p r i o r i t y  load group switch is no t  closed. The 
load a n t i c i p a t i o n  s i g n a l  depends upon 1) t h e  magnitude of t h e  load ,  
2) whether t he  load-group switch is open, and 3 )  whether a command 
t o  c lose  t h e  group s w i t c h  is  present .  A s  t h e  equat ions f o r  c l o s i n g  
a load-group switch show, a G O i  s i g n a l  must be p resen t  i f  a load- 
group swi tch  can be closed. Hence, requirements 2 and 3 are m e t  by 
a NOT G O i  s i g n a l  and a L i (  ) command s i g n a l  as shown i n  f i g u r e  6. 
The analog s i g n a l  propor t iona l  t o  c u r r e n t  t o  be added is  der ived  by 
the  value of t he  inpu t  resistors and feedback r e s i s t o r  of t he  sum- 
ming ampl i f i e r  A2, 
t h e  magnitudes of a c t u a l  and desired loads on t h e  system. A l l  
t h a t  remains is  t o  der ive  an analog s i g n a l  propor t iona l  t o  t h e  
opera t ing  capaci ty  of t h e  p a r a l l e l  system. The system capac i ty  
monitor of f i g u r e  6 provides t h i s  information. A vol tage  propor- 
t i o n a l  t o  t h e  rated c u r r e n t  of each system i s  connected t o  a summing 
ampl i f ie r  whenever both the  t i e  breaker (TB) and load breaker  (LB) 
are closed. The  ou tput  of t h e  summer ( s i g n a l  VR) is  then propor- 
t i o n a l  t o  system capaci ty .  
These two c i r c u i t s  described above provide information as t o  
W e  now have a l l  t h e  elements necessary t o  genera te  c l o s e  and 
t r i p  s i g n a l s  f o r  t he  load-group switches. T h e  s i g n a l s  G O i  and O L i  
are dependent on the  comparison of a c t u a l  and expected cu r ren t s  t o  
t h e  ava i l ab le  capaci ty  of t h e  p a r a l l e l  system. The analog-to- 
d i g i t a l  (A/D) converters  of f i g u r e  6 sum t h e  appropr ia te  s i g n a l s  
and compare them t o  the  system capaci ty  s i g n a l  VR, 
the A/D converters  i s  used t o  t r i p  o r  c lose  the var ious load-group 
switches as def ined i n  t h e  summary equat ions.  
The output  of 
Reliability Considerations 
The effect of a load programmer on t h e  r e l i a b i l i t y  of an elec- 
t r i c  power system is e s s e n t i a l l y  the same as adding t h e  c o n t r o l  and 
pro tec t ion  c i r c u i t s  described i n  the r e p o r t  e n t i t l e d  " Inve r t e r -  
Converter Automatic P a r a l l e l i n g  and Pro tec t ion"  ( r e f .  2 ) .  Because 
t h e  load programmer w a s  a conceptual s tudy,  no r e l i a b i l i t y  calcu- 
l a t i o n  can be presented. However, t h e  following genera l  s ta tement  
can be made, 
Obviously, i f  no f a i l u r e s  wi th in  an electric power system can 
be t o l e r a t e d ,  t h e  addi t ion  of a load programmer would only degrade 
system r e l i a b i l i t y ,  However, i f  v a r i a t i o n s  i n  t h e  amount of system 
capaci ty  can be t o l e r a t e d  and t h e r e  are several ca t egor i e s  ( o r  
p r i o r i t i e s )  of loads on t h e  system, t h e  system can be made more 
reliable by the add i t ion  of a load programmer. T h i s  comes about 
because of added system f l e x i b i l i t y  i n  t e r m s  of loads connectyd t o  
the  power system and by t h e  a b i l i t y  t o  compensate f o r  v a r i a t i o n s  i n  
system power capaci ty .  
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Load P rogrammer  C o n c l u d i n g  Remarks 
An electrical  c i r c u i t  concept has been developed f o r  a load  
programmer t o  be used i n  a three-phase electric power system u t i l i z -  
i n g  mul t ip le  s t a t i c  i n v e r t e r s .  This programmer au tomat ica l ly  
determines whether t h e  electrical loads exceed t h e  capac i ty  of t h e  
pa ra l l e l ed - inve r t e r  system. When t h e  capac i ty  is exceeded, low-  
p r i o r i t y  loads are automatical ly  removed u n t i l  t h e  system capac i ty  
is not  exceeded. I f  t h e  capac i ty  i s  no t  exceeded, t h e  programmer 
e s t a b l i s h e s  condi t ions which permit loads  t o  be appl ied.  
Such a load programmer concept may be very use fu l  i n  f u t u r e  
space vehic les  where a p a r a l l e l  system with mul t ip l e  load busses 
is  used and where electric power is maintained t o  high p r i o r i t y  
loads even though ind iv idua l  p a r t s  of t h e  p a r a l l e l  system may 
malfunction o r  f a i l .  With a load programmer and a p a r a l l e l  sys- 
t e m ,  f a i l u r e s  within the  electric system w i l l  no t  r e s u l t  i n  com- 
p l e t e ,  ca t a s t roph ic  f a i l u r e  of t he  space mission. 
STATIC SWITCHES 
D e s c r i p t i o n  
Systems as descr ibed i n  re ference  2 requi red  many electrical 
contactors .  Figure 7 shows the  layout  of a system s i m i l a r  t o  t h e  
system analyzed i n  re ference  2. This po r t ion  of t h e  s tudy w a s  t o  
develop concepts and breadboard hardware t o  r ep lace  t h e  mechani- 
cal contactors  w i t h  ac and dc s t a t i c  switches.  
Generally, f a u l t s  can appear i n  any l o c a t i o n  of an electri- 
cal power system from t h e  energy source t o  t h e  end po in t  of load  
u t i l i z a t i o n .  Consequently, t h e  contac tors  must be r a t e d  accord- 
ing ly .  In  s i n g l e  o r  i s o l a t e d  subsystem opera t ion ,  t h e  ICC/CCC, 
LBC, and LCC a r e  r a t e d  f o r  a one per  u n i t  s teady  state load  capac- 
i t y ,  plus  normal overloads,  with a f a u l t  c a p a b i l i t y  as determined 
by t h e  inver te r /conver te r  cu r ren t  l i m i t i n g  c h a r a c t e r i s t i c .  I n  t h e  
general  case of t h e  p a r a l l e l e d  inver te r /conver te r  system, t h e  LBC, 
LCC, and TBC must be r a t e d  t o  permit t h e  conduction of c u r r e n t  
from t h e  o v e r a l l  p a r a l l e l e d  system f o r  f a u l t s  which occur wi th in  
t h e  subsystem. The f a u l t  power r a t i n g s  of t hese  contac tors ,  
t he re fo re ,  are a func t ion  of t h e  number of p a r a l l e l e d  subsystems, 
with the  LBC and TBC r a t e d  i d e n t i c a l l y  t o  account f o r  a f a u l t  which 
may r e s u l t ,  such as a t  po in t  A i n  f i g u r e  7. 
The f a u l t  power r a t i n g  of t h e  LCC, i n  p a r a l l e l e d  system opera- 
t i o n ,  is  g r e a t e r  than t h e  LBC and TBC because of f a u l t s  which could 
occur a t  po in t  B i n  f i g u r e  7, r e s u l t i n g  i n  cu r ren t  f r o m  i t s  asso- 
c i a t e d  power source and t h e  o v e r a l l  system through t h e  TBC. 
r a t i n g  of t h e  ICC/CCC is  t h e  s a m e  f o r  p a r a l l e l  opera t ion  as it i s  
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F i g u r e  7 .  - Paralleled I n v e r t e r / C o n v e r t e r  S y s t e m  Block D i a g r a m  
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The s ta t ic  contac tors  for  t h i s  program have been designed 
f o r  f a u l t s  which are l i m i t e d  t o  a zone from the  output  side of 
t h e  inver te r /conver te r  t o  the  system t i e  bus and up t o  t h e  
inver te r /conver te r  s i d e  of the  LCC. This f a u l t  zone is shown 
enclosed by dot ted  l i n e s  i n  f i g u r e  7. 
In  t h e  given t w o  inver te r /conver te r  subsystem t h e  power 
r a t i n g s  of a l l  the  contac tors  considered are t h e  same f o r  para l -  
l e l  system opera t ion  as f o r  s i n g l e  subsystem operat ion.  There- 
fore, the  s ta t ic  contac tor  power r a t i n g s  for  t h e  LBC, LCC and t h e  
TBC, f o r  t h i s  two p a r a l l e l  inver te r /conver te r  program, are equal  
and, with the exception of t h e  conver te r  system TBC, are i d e n t i c a l  
t o  each other i n  t h e i r  r e spec t ive  systems. The d i f f e r e n c e  between 
the  converter  system TBC and the  i d e n t i c a l  designs of t h e  convert-  
er LBC and LCC i s  t h a t ' t h e  TBC must provide fo r  b i l a t e ra l  power 
t r a n s f e r  w h i l e  t h e  LBC and LCC are designed for  u n i l a t e r a l  power 
t r a n s f e r .  Although a l l  three of the contac tors ,  on t h e  converter  
output ,  w i l l  use the  s a m e  electrical  components, t h e  TBC w i l l  use 
an add i t iona l  s i l i c o n  con t ro l l ed  rectifier contac t ,  wi th i t s  con- 
t r o l  c i r c u i t ,  t o  permit the  flow of power f o r m  t h e  p a r a l l e l e d  out- 
pu t  bus t o  i t s  assoc ia ted  subsystem load. I n  t h e  genera l  case, 
t h e  converter  LBC should a l s o  provide bi la teral  power t r a n s f e r ,  
s i m i l a r  t o  i t s  electromechanical counterpar t ,  f o r  f a u l t  c l e a r i n g  
such as  po in t  A i n  f i g u r e  7. 
Fundamentally the  s t a t i c  contac tor  is made up of t w o  p a r t s ,  a 
power c i r c u i t  and a con t ro l  c i r c u i t .  The power c i r c u i t ,  c o n s i s t i n g  
of a switching device, permits the conduction of c u r r e n t  from t h e  
source t o  the  load when ac t iva ted .  The con t ro l  c i r c u i t  provides 
t h e  necessary turn-on and turn-off requirements from i n p u t  s igna l s .  
Input s i g n a l s  are provided whenever one of t h e  following condi t ions  
e x i s t s :  
1) cur ren t  i s  demanded a t  t h e  load, 
2) cur ren t  is  no longer requi red  by the  load, and 
3)  when abnormal electrical  system opera t ion  p r e v a i l s  i n  a 
pro tec ted  zone. 
Vol tage  a n d  C u r r e n t  S p e c i f i c a t i o n s  
The inverter /converter  normal system vol tages  and cu r ren t s  and 
the  system abnormal cu r ren t s  which the s t a t i c  contac tors  must with- 
s tand  and open are shown i n  tables I and 11. T h e  electrical speci-  
f i c a t i o n s  given i n  tables I and I1 are s p e c i f i c a l l y  f o r  a t w o  chan- 
n e l  p a r a l l e l  system. The design philosophy regarding t h e  s i l i c o n  
cont ro l led  rectifier contac t  cu r ren t  i s  t o  provide a s teady  s ta te  
c a p a b i l i t y  of t w o  t i m e s  rated inver te r /conver te r  system c u r r e n t  and 
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Table I. - Converter System Static Contactor Current  and 
Voltage Spec i f i ca t ion  
Converter Rating (nominal) 
Capacity 750 w a t t s  
Voltage 153 v o l t s  
Contactor Voltage and Curren t  Rat ing 
Rated Voltage ( v o l t s ,  avg. ) 
Rated Current  (amps, avg.) 
Normal Overload Curren t ,  125% 
5 Minutes (amps, avg.) 
Maximum S h o r t - c i r c u i t  Curren t  
s teady  S t a t e ,  150% (amps, avg.) 
Maximum Duration S h o r t - c i r c u i t  
Current  (mi l l i seconds)  
Maximum Peak Trans i en t  Current  
(amps 1 
Design, Rated Curren t ,  200% 
(amps, avg.1 
Design, S h o r t - c i r c u i t  Curren t  
Steady State, 250% (amps, avg.) 
Design, S h o r t - c i r c u i t  T i m e  
















































250 percent  s h o r t - c i r c u i t  cur ren t .  The contac tor  design selection 
for  a s h o r t - c i r c u i t  c a p a b i l i t y  of 250 percent ,  wi th  fault t i m e s  i n  
excess of those necessary fo r  i n t e g r a t e d  system p ro tec t ion ,  is  com- 
p a t i b l e  w i t h  the  inver te r /conver te r  s t eady- s t a t e  c u r r e n t  design 
l i m i t a t i o n  of 150 percent.  
The con t ro l l ed  rectifier contac t  voltage w i l l  be rated fo r  a 
minimum of two t i m e s  t h e  h ighes t  vo l tage  it i s  l i k e l y  t o  see during 
operation. 
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Table 11. - I n v e r t e r  System S ta t i c  Contactor Current and 
Voltage Spec i f i ca t ion  
Inverter Rating (nominal) 
Capacity 750 volt-amperes 
Voltage 115/200 volts, 400 Hz 
Contactor Voltage and Current Rating 
Rated Voltage (volts, L-N, rms, 
400 Hz) 
Rated Current (amps, line, rms, 
400 Hz) 
Normal Overload Current, 125% 
5 Minutes (amps, rms) 
Maximum Short-Circuit Current 
Steady State, 150% (amps, rms) 
Maximum Duration Short-circuit 
Current (milliseconds) 
Maximum Peak Transient Current 
(amps 1 
Design, Rated Current, 200% 
(amps, rms) 
Design, Short-circuit Current, 
Steady State, 250% (amps, rms) 











































(a) The ICC requirements are identical to those for the CCC given 
in table I. 
are dc average values with exception of the transient current 
which is a peak value. 
The currents and voltages for the ICC, therefore, 
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C h a r a c t e r i s t i c s  o f  Power Swi t ch i  n g  Device 
include extremely high forward and reverse  blocking vol tages  which 
are i n  excess of 1300 v o l t s  w i t h  t y p i c a l  peak leakage c u r r e n t s  o f  
two microamperes t o  t e n  milliamperes a t  a junc t ion  temperature of 
25OC. The higher  vol tage rated con t ro l l ed  rectifier devices  have 
lower leakage cu r ren t s  f o r  a given forward c u r r e n t  r a t i n g .  
Voltage t r a n s i e n t s  i n  the forward d i r e c t i o n  and t o  some e x t e n t  
i n  the reverse  d i r e c t i o n  t h a t  exceed t h e  r a t e d  blocking voltaqe are 
The q u a l i t i e s  exhibited by t h e  s i l i c o n  c o n t r o l l e d  rectifier 
pro tec ted  by the  inherent  characteris t i c s  of t h e  device. Over- 
vol tage i n  t h e  forward d i r e c t i o n  w i l l  cause the  device t o  break 
down i n t o  the  conducting state, and, i f  t h e  rate of change of cur- 
r e n t  and peak cu r ren t  i s  l i m i t e d ,  t he  device s u f f e r s  no i’ll effects. 
These q u a n t i t i e s  can be con t ro l l ed  i n  practical  c i r c u i t s .  The cir-  
c u i t ,  however, must withstand t h i s  breakdown conduction. 
The main des t ruc t ion  mechanism of a con t ro l l ed  rectifier is  
excessive cu r ren t  dens i ty  i n  t he  forward d i r e c t i o n .  T h i s  i s  t e m -  
pered with t h e  r e l a t i v e l y  high, short-t ime overcur ren t  r a t i n g s  of 
the device,  t yp ica l ly  5 t o  8 t i m e s  the  peak rated r e p e t i t i v e  cur- 
r e n t  r a t i n g  of t h e  device. 
The s i l i c o n  con t ro l l ed  rectifier is  capable of being turned 
on w i t h  a 1 t o  1 0  microsecond pulse .  Turn-off t i m e  i s  5 t o  25-30 
microseconds. The device has a 1 t o  1.5 v o l t  forward drop and a 
maximum junct ion temperature r a t i n g  of 125OC. 
The major disadvantage of the  con t ro l l ed  rectifier is  i ts  
recovery mechanism. The device is con t ro l l ed  by i t s  gate lead when 
it is  required t o  s w i t c h  from a blocking t o  a conducting s ta te ,  
bu t  the gate lead no longer  has con t ro l  when t h e  c o n t r o l l e d  recti- 
f ier  i s  conducting. 
The direct cu r ren t  contac tors  of t h i s  app l i ca t ion  must use 
forced commutation means t o  rega in  t h e  blocking state w h i l e  the 
a l t e r n a t i n g  c u r r e n t  contac tors  can r e l y  on n a t u r a l  commutation 
s ince  the  c u r r e n t  goes t o  zero every half  cycle. The forced com- 
mutation process r equ i r e s  high surges  of energy i n  the  p o w e r  cir- 
c u i t s ,  as provided by r e a c t i v e  energy s torage  elements. Thus, the 
cont ro l led  rectifier turn-off components tend t o  be large and bulky. 
Converter Sys tern Contactor C i  rcui  t Considerat ions 
The design of t h e  converter  system s ta t ic  contac tors  r equ i r e s  
considerat ion of a direct  cu r ren t  system only. 
a d iscuss ion  of the  power c i r c u i t  conf igura t ions .  
The following i s  
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DC s t a t i c  contac tor  with capac i to r  turn-off .  - A fundamental 
contactor  c i r c u i t  which uses capac i to r ,  forced-commutation, turn-  
o f f  of t h e  con t ro l l ed  rectifier contac t  i s  shown i n  f i g u r e  8. 
Supply vol tage 
on s i g n a l  f r o m  g a t e  t o  cathode of s i l i c o n  con t ro l l ed  rectifier 
SCR1. With SCRl conducting, capac i tor  C is charged t o  t h e  supply 
vol tage,  less t h e  vol tage drop across SCR1, through resistor R. 
The l e f t  p l a t e  of t h e  capaci tox is  charged with a p o s i t i v e  polar-  
i t y .  To t u rn  SCRl o f f ,  removing t h e  vol tage from across t h e  load, 
SCR2 is  turned on. This connects t h e  nega t ive  s i d e  of c a p a c i t o r  
C t o  t h e  anode of SCR1. This reverse  b i a ses  SCRl momentarily 
r e s u l t i n g  i n  tu rn  o f f .  Capacitor C now becomes charged t o  essen- 
t i a l l y  t h e  supply vol tage  (less t h e  vol tage  drop across  SCR2) wi th  
a p o s i t i v e  p o l a r i t y  on i t s  r i g h t  p l a t e .  Control led rect i f ier  SCR2 
continues t o  conduct a t  minimum cur ren t  through R, When SCR 1 is 
turned on again,  with a s i g n a l  from g a t e  t o  cathode, t h e  c i r c u i t  
r e v e r t s  t o  i t s  o r i g i n a l  s ta te  wi th  SCR2 turned o f f  a f t e r  being 
reverse  b iased  by capac i to r  C. 
V is appl ied  t o  t h e  load by a p p l i c a t i o n  of a turn-  
The disadvantage of t h i s  c i r c u i t  i s  t h a t ,  momentarily, two 
t i m e s  supply vol tage is appl ied across  t h e  load  when SCRl is  com-  
mutated. 
DC s t a t i c  contac tor  wit.h resonant c i r c u i t  tu rn-of f ,  - A con- 
t a c t o r  power c i r c u i t  which e l imina tes  t h e  load voltaqe rise obiec- * 
t i o n  o f - f i g u r e  8 i s  shown i n  f i g u r e  9 .  
addi t ion  of inductor  L and diodes C R 1  and CR2, the c i r c u i t  config- 
u ra t ions  of f igu res  8 and 9 are i d e n t i c a l .  
With except ion of t h e  
In  f igu re  9 ,  wi th  SCRl conducting, vo l tage  is  appl ied  t o  t h e  
load and capac i tor  C 1  is charged t o  t h e  supply vol tage V less t h e  
vol tage drop across SCR1. The l e f t  p l a t e  of t h e  capac i to r ,  there-  
fo re ,  i s  a t  a p o s i t i v e  p o l a r i t y .  To t u r n  S C R l  o f € ,  SCR2 i s  turned 
on. This provides a path f o r  C 1  t o  discharge resonant ly  through 
SCRl or  CR1,  SCR2 and L. The discharge cu r ren t  is  one a l t e r n a t i o n  
of a s i n e  wave. Unt i l  t h e  capac i tor  discharge s i n e  wave c u r r e n t  
reaches t h e  magnitude of t h e  load cu r ren t ,  t h e  effect of t h e  dis-  
charge is  t o  reduce t h e  cu r ren t  through SCR1.  When t h e  capac i to r  
cu r ren t  reaches and exceeds t h e  o r i g i n a l  value of SCRl load c u r r e n t ,  
t h e  excess cu r ren t  flows through CR1,  reverse  b i a s ing  S C R l  and 
turn ing  it o f f ,  Capacitor C 1  now completes i t s  charge t o  t h e  supply 
vol tage,  less t h e  SCR2 voltage drop, with a p o s i t i v e  p o l a r i t y  on 
t h e  r i g h t  p l a t e .  The capac i to r  cannot discharge again because C R 1  
and SCRl are blocking. Control led r e c t i f i e r  SCR2 cont inues t o  
conduct through resistor R. To  revert t o  t h e  o r i g i n a l  s tate,  wi th  
SCRl conducting, SCRl i s  turned on and capac i to r  C 1  discharges 
through L ,  SCR2 o r  CR2, and SCR1. This t u r n s  SCRZ o f f ,  and S C R l  
conducts cu r ren t  t o  t h e  load. 
The objec t ion  t o  t h i s  c i r c u i t ,  as presented,  is i t s  i n a b i l i t y  
t o  open when closed onto a s h o r t  c i r c u i t .  When a system shor t -  
31 
Figure 8. - DC S t a t i c  Contactor w i t h  Capac i tor  Turn-Off 
Figure 9. - DC S ta t ic  Contactor w i t h  Resonant C i r c u i t  Turn-Off 
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c i r c u i t  f a u l t  occurs,  t h e  converter  output  vo l tage  droops and 
e s s e n t i a l l y  a t t a i n s  a zero value because of t h e  c u r r e n t  l i m i t i n g  
c h a r a c t e r i s t i c  of t h e  inver te r /conver te r .  Should t h i s  f a u l t  per- 
s is t  a f t e r  t he  contac tor  has  been opened t h e  f i r s t  t i m e ,  t h e  con- 
tactor w i l l  no t  open again i f  it i s  closed. The reason f o r  t h i s  
is  t h a t  with t h e  immediate depression of t h e  converter  ou tput  
vol tage t o  e s s e n t i a l l y  zero,  capac i tor  C 1  cannot become charged. 
Although SCR2 can be turned on, by t h e  appropr ia te  s i g n a l ,  SCRl 
cannot be turned o f f  and the re fo re  w i l l  cont inue t o  conduct u n t i l  
it o r  some o t h e r  system equipment is destroyed by f a u l t  cu r ren t .  
capac i tor  C 1  p r i o r  t o  the  t i m e  SCRl is turned on. 
t h e  same as f i g u r e  9 with t h e  exception t h a t  SCR3 has been added 
t o  the  power c i r c u i t  i n  series wi th  SCRl and t h e  load. When SCRl 
i s  turned on, it w i l l  charge capac i to r  C 1  through L and R. 
Af te r  a t i m e  delay,  which is  a func t ion  of R2  and C 2 ,  SCR3 t u r n s  
on applying vol tage t o  the  load. Controlled rect i f ier  S C R l  turn-  
of f  occurs as  discussed f o r  t he  c i r c u i t  of f i g u r e  9 .  Control led 
r e c t i f i e r  SCR3 tu rns  o f f  n a t u r a l l y  when t h e  c u r r e n t  through it 
decreases below t h e  holding cu r ren t  because of S C R l  t u rn ing  o f f .  
Figure 1 0  i s  
The disadvantage of t h i s  c i r c u i t  is  t h e  increase  i n  steady- 
s t a t e  power losses t o  twice those of f i g u r e  9 .  
The c i r c u i t  of f i g u r e  11 overcomes t h e  disadvantages of t h e  
c i r c u i t  of f igu re  1 0  by rearranging the  charging path of turn-off 
capac i tor  C1. The b a s i c  opera t ion  of t h i s  c i r c u i t  is t h e  same as 
described f o r  f i g u r e  9 except t h a t  capac i to r  C 1  i s  charged through 
CR3, L, and R from the  dc con t ro l  bus when S C R l  is turned on. 
Capacitor C 1  completes i t s  charge,  w i t h  i t s  l e f t  p l a t e  p o s i t i v e ,  
before  SCRl i s  turned on because of a t i m e  delay i n  t h e  SCRl gate- 
t o  cathode cont ro l  c i r c u i t .  I f  t h e  contac tor  has no t  c losed  on a 
s h o r t - c i r c u i t ,  t h e  vol tage  across  t h e  load w i l l  be normal and t h e  
i n i t i a l  charge on capac i to r  C 1  w i l l  be  maintained by conduction of 
diode CR2. Without diode CR2 capac i to r  C 1  could lose i t s  i n t i t i a l  
charge through self leakage. 
Because the  c i r c u i t  of f i g u r e  11 provides t h e  advantage of 
t u rn ing  o f f  t h e  contac tor  under a s h o r t - c i r c u i t  condi t ion without  
a decrease i n  s teady-s ta te  e f f i c i ency ,  it w a s  s e l e c t e d  for  t h e  
ICC/CCC. 
To  t u r n  SCRl of f ,  because of a f a u l t  o r  normal system shut- 
down, turn-on s i g n a l s  are provided simultaneously t o  SCR2 and SCR3. 
The turn-off operat ion is then the  same as discussed for  f i g u r e  9 .  
Controlled rectifier SCR2 continues to  conduct minimum c u r r e n t  
through R. Controlled r e c t i f i e r  SCR3 t u r n s  o f f  n a t u r a l l y  a f t e r  C 1  
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Figure 1 0 .  - DC S ta t ic  Contactor wi th  Resonant C i r c u i t  Turn-Off 
with Independent Capac i tor  Charging Provis ions 
sc 
I I 
t - :  I L 
I I 1 + 
R2 
Figure 11. - Se lec t ed  DC S t a t i c  Contactor C i r c u i t  
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charging cu r ren t  decreases t o  a value below t h e  minimum holding 
cu r ren t  of SCR3, 
a t  a p o s i t i v e  p o l a r i t y .  T h i s  charge is maintained through t h e  
high resistance path provided by R1. To r e t u r n  t o  the  o r i g i n a l  
condi t ion,  w i t h  S C R l  conducting, SCRl  is  turned on. P r i o r  t o  
S C R l  t u rn ing  on, t h e  dc con t ro l  bus vol tage  is  connected i n  series 
w i t h  CR3, C1, L, and R. The p o t e n t i a l  a t  t h e  cathode of SCR2 w i l l  
a t t a i n  a value which w i l l  exceed t h a t  a t  the anode. T h i s  r eve r se  
biases SCRZ, r e s u l t i n g  i n  turn-off .  
The capac i to r  i s  now charged with i t s  r i g h t  p l a t e  
Converter System Contactor Designs 
I n v e r t e r  con t ro l  contactor /converter  con t ro l  contac tor .  - The 
complete c i r c u i t  diagram f o r  the ICC/CCC i s  shown i n  f i g u r e  12 .  








Figure 12. - Stat ic  I n v e r t e r  Control/Converter Control 
Contactor C i r c u i t  
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Free-wheeling diode CR4 has been added across t h e  load side te rmina ls  
L 1  and L2 of t h e  contac tor  to provide a path for c i r c u l a t i n g  induc- 
t i v e  cu r ren t s  when t h e  contac tor  i s  opened. Diode CR5 is i n  series 
with R 1  t o  prevent t h e  i n i t i a l  energy of C 1  ( r e s u l t i n g  from t h e  
turn-on s i g n a l )  f r o m  discharging p r i o r  t o  S C R l  t u rn ing  on. 
viously,  the  following d iscuss ion  w i l l  be l imi t ed  t o  t h e  d e s c r i p t i o n  
of the  con t ro l  c i r c u i t s .  I n  add i t ion ,  because the  c o n t r o l  c i r c u i t s  
fo r  turn-on and turn-off a r e  b a s i c a l l y  the  same, only t h e  turn-on 
c i r c u i t  w i l l  be discussed. The p r i n c i p a l  d i f f e r e n c e  between t h e  
t w o  con t ro l  c i r c u i t s  is  i n  t h e  pulse  t ransformers  which show a 
s i n g l e  secondary fo r  t h e  turn-on conf igura t ion  and t w o  isolated 
secondary windings for  the  turn-off configurat ion.  
Since t h e  opera t ion  of the  power c i r c u i t  w a s  descr ibed pre- 
The con t ro l  c i r c u i t s  c o n s i s t  of uni junc t ion  t r a n s i s t o r s  opera- 
t i n g  i n  a r e l axa t ion  osc i l la tor  mode. With t h e  inpu t  t o  t h e  turn-  
on c i r c u i t  momentarily connected t o  t h e  direct  vol tage  c o n t r o l  bus,  
capac i tor  C3 starts t o  charge through resistor R5. A f t e r  a t i m e  
delay,  which has permit ted C 1  t o  become charged through diode CR3, 
t h e  vol tage across C3 reaches a p o t e n t i a l  which causes t h e  uni- 
junct ion t r a n s i s t o r  UJT2 t o  conduct through t h e  e m i t t e r  t o  base 1 
c i r c u i t .  T h i s  provides a pulse  t o  transformer T2 which causes 
S C R l  t o  conduct. The con t ro l l ed  rec t i f ie r  g a t e  pulse  continues 
u n t i l  the  discharge of capac i tor  C3 reaches a reduced vol tage  which 
causes UJT2 t o  c u t  o f f .  Capacitor C3 is  then charged again t o  a 
p o t e n t i a l  which causes UJT2 t o  conduct. The cyc le  is  repeated and 
w i l l  continue as  long as an inpu t  s i g n a l  is  provided. When t h e  
cont ro l  c i r c u i t s  are i n t i a l l y  energized, t h e  c u r r e n t  through t h e  
pulse  transformers i s  i n  a d i r e c t i o n  which places a r eve r se  vo l t -  
age on the gate-to-cathode of t h e  con t ro l l ed  rectifiers. The 
addi t ion  of diodes CR6,  7 ,  and 8 i n  t he  gate-to-cathode c i r c u i t  of 
con t ro l l ed  rect i f iers  S C R I ,  2 ,  and 3 clamps t h e  nega t ive  o r  reverse 
gate-to-cathode s i g n a l  t o  the  forward drop of t h e  diodes. A 
photograph of t he  breadboard design of t h e  ICC/CCC is shown i n  
f igu re  13. 
Load bus, load con t ro l  and t i e  bus contac tors .  - T h e  c i r c u i t  
configurat ion for  the  converter  system LBC and LCC is presented 
i n  f igu re  1 4 ,  while f igu re  15 shows the  schematic diagram for  the  
TBC. The power c i r c u i t  for  these t h r e e  con tac to r s ,  on t h e  con- 
v e r t e r  output  s i d e ,  uses t h e  capac i tor  turn-of f technique fo r  SCR 
commutation. It  i s  necessary t o  apply this c i r c u i t  design t o  t h e  
converter output  contac tors  when cons idera t ion  is  given t o  i n t e -  
g r a t i n g  t h e  LBC and TBC i n t o  the converter  system. W i t h  the ICC/ 
CCC c i r c u i t  appl ied t o  t he  LBC, the diode i n  p a r a l l e l  with t h e  
power contactor  SCR would prevent t h e  i s o l a t i o n  of a f a u l t  from 
the p a r a l l e l  system bus should a f a u l t  occur between a subsystem 
converter and t h e  LBC, such as a t  po in t  A of f i g u r e  7. Using t h e  
basic power c i r c u i t  of t h e  ICC/CCC, i n  a b i l a t e r a l  conducting con- 
f igu ra t ion ,  t h e  convent ia l  diodes would be connected i n  p a r a l l e l  
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26 TO 30 VDC 
LOAD 
TURN-ON SIGNAL 
26 TO 30 VDC 
Figure 1 4 ,  - Converter System S t a t i c  Load Bus and Load Control 
Contactor C i r c u i t  
opposi t ion with the  SCR power con tac t s  such t h a t  t h e  TBC would 
always be closed through these  p a r a l l e l  diodes.  
The disadvantage of load vol tage rise with t h e  capac i to r  
turn-off contactor  design has been s i g n i f i c a n t l y  reduced, on a 
percentage b a s i s ,  by charging t h e  commutating capac i to r s  t o  a 
maximum of only 30 vo l t s ,  This is  accomplished through use of 
resistor vol tage d iv ide r s  which are connected across  t h e  dc t rans-  
mission l i n e .  Therefore,  with a maximum of 163 vol t s  on t h e  dc  
output  bus,  during an overvoltage condi t ion,  a maximum vol tage  of 
193 vo l t s  should occur across  t h e  load when e i t h e r  t h e  LBC, LCC, 
o r  TBC are opened, This vol tage t r a n s i e n t  i s  wi th in  t h e  dc power 
system requirements of MIL-STD-704, C h a r a c t e r i s t i c s  and Ut i l i za -  


























The c i r c u i t  d i scuss ion  which follows desc r ibes  t h e  power cir- 
c u i t  only of t h e  LBC and LCC of f i g u r e  14 s i n c e  t h e  c o n t r o l  c i r c u i t  
i s  t h e  same as f o r  t h e  ICC/CCC which w a s  discussed previously.  
With con t ro l l ed  rectifiers SCR2 and SCR3 o f f ,  capac i to r  C l  
is  charged through CR2,  CR3, and R 1 ,  from t h e  dc c o n t r o l  bus when 
a momentary (less than one second) turn-on s i g n a l  is  provided f o r  
SCR1. Capaci tor  Cl completes i t s  charge, wi th  i t s  r i g h t  p l a t e  
p o s i t i v e ,  before  SCRl is turned on because of t h e  t i m e  delay i n  
t h e  SCRl gate-to-cathode c o n t r o l  c i r c u i t  provided by R5 and C3. 
If t h e  contac tor  has no t  c losed  on a s h o r t - c i r c u i t ,  t h e  vol tage  
across  t h e  load w i l l  be normal ( l i n e  vol tage  of T1-T2 less t h e  
vol tage  drop across  SCR1) and the  i n i t i a l  charge on capac i to r  C 1  
w i l l  be  maintained by conduction of diode CR1 through R 9 .  Without 
t h e  vol tage d i v i d e r  R9 and R10 and CR1, CL would lose i t s  i n i t i a l  
charge through self leakage. With SCRl conducting, c a p a c i t o r  C 1  
i s  charged t o  t h e  contac tor  i npu t  vo l tage  less t h e  vol tage  drop 
across  SCRl and the  vol tage  drop across  r e s i s t o r  R9.  
To  t u r n  S C R l  o f f ,  because of a f a u l t  o r  normal system shut- 
down, turn-on s i g n a l s  are provided simultaneously t o  SCR2 and 
SCR3. This connects t h e  negat ive s i d e  of c a p a c i t o r  C 1  t o  t h e  
anode of SCR1. This reverse  b i a ses  SCRl momentarily r e s u l t i n g  i n  
t u r n  o f f .  Res i s to r  R 1 1  is  used t o  l i m i t  t h e  magnitude of t h e  
cu r ren t  i n  t h e  capac i to r  discharge c i r c u i t .  With SCRl no t  con- 
duct ing,  capac i to r  C 1  becomes charged e s s e n t i a l l y  t o  t h e  contac tor  
i npu t  vo l tage  T1-T2 with a p o s i t i v e  p o l a r i t y  on i ts  l e f t  p l a t e .  
Control led r e c t i f i e r  SCR2 continues t o  conduct minimum c u r r e n t  
through R1 and CR3 i f  t h i s  c u r r e n t  is g r e a t e r  than t h e  minimum 
holding c u r r e n t  f o r  SCR2. Control led rect i f ier  SCR3 t u r n s  off 
n a t u r a l l y  af ter  C1 charging c u r r e n t  ceases. To r e t u r n  t h e  con- 
t a c t o r  t o  t h e  o r i g i n a l  condi t ion  with S C R l  conducting, SCRl is 
turned on. P r i o r  t o  S C R l  t u rn ing  on, t h e  dc c o n t r o l  bus vol tage  is 
connected i n  series w i t h  C 1  and R 1  through CR2 and CR3. The in -  
stantaneous p o t e n t i a l  a t  t h e  cathode of SCR2, i f  it is conducting, 
then becomes t h e  sum of t h e  con t ro l  bus vol tage  and t h e  vol tage  
across  C1.  This reverse  b i a ses  SCRZ, r e s u l t i n g  i n  t u r n  o f f .  
A s  seen i n  f i g u r e  15,  t h e  s e l e c t e d  TBC design uses t w o  con- 
t r o l l e d  rectifiers connected i n  p a r a l l e l  back-to-back. The cir-  
c u i t  d i scuss ion  which follows descr ibes  only t h e  power c i r c u i t  of 
t h e  TBC of f i g u r e  15 s i n c e  t h e  con t ro l  c i r c u i t  is  s i m i l a r  t o  t h a t  
of t h e  ICC/CCC which w a s  discussed previously.  With con t ro l l ed  
rectifiers SCR3, 4, 5, and 6 turned of f ,  capac i to r s  C 1  and C5 are 
charged through t h e i r  r e spec t ive  components CR1, CR5, and R2 and 
CR3, CR6 and R 1 1  from t h e  dc con t ro l  bus when a turn-on s i g n a l  is 
provided. For t h i s  contac tor  design, t h e  turn-on s i g n a l  is  main- 
t a ined  as long as conduction i s  requi red  f o r  e i t h e r  d i r e c t i o n .  
When t h e  contac tor  is  t o  be opened, system c o n t r o l  and p r o t e c t i o n  
l o g i c  must f i r s t  remove the  turn-on s i g n a l  and then apply t h e  turn-  
o f f  s igna l .  With t h e  turn-on s i g n a l  appl ied ,  capac i to r s  C 1  and 
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C5 become f u l l y  charged, with t h e i r  r i g h t  te rmina ls  p o s i t i v e ,  
before  ga t ing  s i g n a l s  are provided t o  SCRl and SCR2. This r e s u l t s  
because of t h e  r e s i s to r - capac i to r  t i m e  delay of R22 and C 1 1  i n  t h e  
turn-on c i r c u i t .  If the  contactor has  no t  closed on a shor t -  
c i r c u i t ,  t h e  system vol tage  w i l l  be normal and t h e  i n i t i a l  charge 
on capac i tors  C 1  and C5 w i l l  be maintained by conduction of CR2, 
CR5, and R8 and CR4,  CR6, and R 1 7  r e spec t ive ly .  Without the volt-  
age d iv ide r s  R8-R9 and R17-Rl8 wnd t h e  diodes CR2 and CR4, t h e  
commutating capac i tors  would lose t h e i r  i n i t i a l  charge through 
self-leakage. With t h e  system vol tage  such t h a t  SCR2 is  conduct- 
ing  and S C R l  is  no t ,  capac i tor  C 1  is  charged t o  t h e  contac tor  ter- 
minal vol tage Tl -T2 less t h e  vol tage drop across SCR2 and R8. The 
vol tage across capac i to r  C5 w i l l  be charged t o  t h e  con tac to r  ter- 
minal voltage Tl-T2 less t h e  voltage drop across R 1 7 .  The r e s u l t -  
ing  capac i tor  vol tage fo r  C 1  and C5 w i l l  be a maximum of 30 vol t s .  
To open the  contac tor ,  a turn-off s i g n a l  is  provided af ter  t h e  
turn-on s igna l  has  been removed. To e l imina te  t h e  p o s s i b i l i t y  of 
capac i tor  vol tages  C l  and C5 occurr ing simultaneously across t h e  
power contac t  SCR1-SCR2, a t i m e  delay has been incorporated i n t o  
the  uni junc t ion  c i r c u i t  of UJT2 with components R 1 2  and C6. This 
delay is  s u f f i c i e n t  t o  permit SCR2 t o  be turned o f f  p r i o r  t o  ga t ing  
SCR5 and SCRG i n  t h e  turn-off c i r c u i t  of SCR1. 
With t h e  turn-off c i r c u i t  energized,  SCR3 and SCR4 t u r n  on 
simultaneously.  This connects t he  negat ive s i d e  of C 1  t o  t h e  
anode and t h e  p o s i t i v e  s i d e  t o  the  cathode of SCR2. This reverse 
b ia ses  SCR2 momentarily, r e s u l t i n g  i n  t u r n  off of the  power con- 
t a c t  SCR1-SCR2. With t h e  power contac t  SCR1-SCR2 not  conducting, 
capac i tor  C 1  becomes charged t o  the contactor  terminal  vo l tage  
T1-T2 less t h e  vol tage drop across SCR3, wi th  a p o s i t i v e  p o l a r i t y  
on i t s  l e f t  terminal.  Controlled r e c t i f i e r  SCR3 w i l l  continue t o  
conduct minimum cur ren t  through R2 and CR5. Control led rectifier 
SCR4 w i l l  no t  conduct af ter  i t s  cu r ren t  becomes less than the  
minimum holding value.  
Af te r  t h e  prescr ibed t i m e  delay,  as e s t a b l i s h e d  by R12  and 
C 6 ,  cont ro l led  rectifiers SCR5 and SCRG are gated on. Since t h e  
power contac t  SCR1-SCR2 i s  turned o f f ,  an a u x i l i a r y  pa th  cons is t -  
i ng  of r e s i s t o r s  R8, 9 ,  and 15 can discharge capac i tor  C5 through 
con t ro l l ed  rect i f ier  SCR5. Because of t h e  discharge pa th ,  SCRG 
w i l l  no t  conduct, and SCR5 w i l l  cease conducting after C5 has 
been discharged. 
To r e t u r n  t h e  contac tors  t o  a conducting s ta te ,  t h e  turn-off 
With t h e  turn-  s i g n a l  is removed and t h e  turn-on s i g n a l  appl ied.  
on s i g n a l  appl ied,  t h e  dc con t ro l  bus vol tage  is connected t o  C l - R 2  
and C5-Rll through diodes CR1 and CR5 and diodes CR3 and CR6 
respec t ive ly .  Turn o f f  of SCR3 r e s u l t s  because t h e  instantaneous 
p o t e n t i a l  a t  i t s  cathode becomes t h e  sum of t h e  con t ro l  bus vol t -  
age and t h e  vol tage across C1. This reverse biases SCR3, turn ing  
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it o f f .  Because of t h e  t i m e  delay provided i n  t h e  turn-on cir- 
c u i t  by R22 and C 1 1 ,  c apac i to r s  C 1  and C5 complete t h e i r  charge 
with a p o s i t i v e  p o l a r i t y  on t h e  r i g h t  te rmina l  before  g a t i n g  s i g -  
n a l s  become ava i l ab le  f o r  SCRl  and SCR2. 
If t h e  system vol tage  is such t h a t  con t ro l l ed  rectifier SCRl 
is  conducting in s t ead  of SCR2, app l i ca t ion  of t h e  turn-off s i g n a l ,  
a f t e r  removal of t h e  turn-on s i g n a l ,  w i l l  r e s u l t  i n  c a p a c i t o r  C 1  
discharging through SCR1. Res is tor  R5 is used t o  l i m i t  the mag- 
n i tude  of t h e  discharge cur ren t .  A f t e r  t h e  appropr ia te  t i m e  delay 
provided by R22 and C 1 1 ,  c apac i to r  C5 w i l l  d ischarge through SCR5 
and SCR6, t u rn ing  S C R l  o f f .  
The est imated weight of only t h e  electrical  components f o r  
t h e  c i r c u i t  designs of f igu res  1 4  and 15 are 4 . 1 2  and 8.25 pounds 
respec t ive ly .  These compare t o  a component weight of 3.02 pounds 
f o r  t h e  ICC/CCC of f i g u r e  12 .  The converter  system LBC, LCC and 
TBC component weights are g r e a t e r  than  those of t h e  ICC/CCC 
because of t h e  commutating capac i tor .  The use of an over-rated,  
s tandard,  high vol tage capac i tor  provides a vol tage  s a f e t y  f a c t o r  
of approximately t h r e e  r a t h e r  than t h e  des i r ed  f a c t o r  of two. The 
commutating capac i tor  used f o r  t h e  LBC, LCC and TBC accounts f o r  
90 percent  of t h e  e lectr ical  component weight. 
The est imated e f f i c i e n c i e s  f o r  t h e  c i r c u i t  designs of f i g u r e s  
1 4  and 15 are 99.2 percent  as  compared t o  t h e  96.9 percent  obtained 
from test r e s u l t s  f o r  t h e  ICC/CCC. This higher  e f f i c i e n c y  r e s u l t s  
because of t h e  r e l a t i v e l y  lower vol tage drop (on a percentage 
b a s i s )  f o r  t h e  con t ro l l ed  rectifiers of t h e  LBC, LCC and TBC. A s  
shown i n  t a b l e  I ,  the  opera t ing  vol tage f o r  t h e  LBC, LCC and TBC i s  
153 "5 v o l t s  as compared t o  the  ICC/CCC vol tage  of 28 *2 v o l t s .  
I n v e r t e r  System C o n t a c t o r  C i r c u i t  C o n s i d e r a t i o n s  
There are seve ra l  poss ib le  power contac t  arrangements which 
can be used t o  make an a l t e r n a t i n g  cu r ren t  s t a t i c  con tac to r  with 
cont ro l led  rectifiers alone o r  i n  combination with diodes,  Figure 
1 6  i l l u s t r a t e s  t hese  conf igura t ions  showing a single-phase arrange- 
ment only f o r  each representa t ion .  
The c i r c u i t s  of f i g u r e  1 6 ( a ) ,  ( c ) ,  and (d)  offer inverse  
vol tage p ro tec t ion  t o  t h e  con t ro l l ed  rectifiers inhe ren t ly  through 
t h e  use of diodes. In  t h e  forward d i r e c t i o n  vol tage t r a n s i e n t s  of 
s u f f i c i e n t  magnitude could cause forward random o r  i n t e r m i t t e n t  
breakdown conduction unless  adequately p ro tec t ed  by a u x i l i a r y  com- 
ponents o r  t h e  con t ro l l ed  rectifiers are s e l e c t e d  with forward 
vol tage breakdown r a t i n g s  i n  excess of t h e  t r a n s i e n t s .  
i f  t h e  vol tage and assoc ia ted  cu r ren t  t r a n s i e n t s  are n o t  i n  excess 
of t h e  maximum SCR r a t i n g s ,  and i f  t h e  load c i r c u i t  can withstand 
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no t  be damaged by t h i s  conduction and c i r c u i t  opera t ion  should no t  
be impaired. 
1 6 ( c )  and (d) is the mul t ip le  series forward vol tage  drop of t h e  
t w o  and t h r e e  semiconductor devices, r e spec t ive ly ,  wi th  t h e i r  
associated power losses. 
The c i r c u i t  configurat ion of f i g u r e  1 6  ( a ) ,  although o f f e r i n g  
the  advantage of reduced SCR ga t e  con t ro l  complexity, is n o t  
appl icable  t o  loads with a grounded n e u t r a l  s i n c e  h a l f  wave recti- 
f i c a t i o n  would r e s u l t .  Therefore,  t h e  selected con t ro l l ed  recti- 
f i e r  contac t  arrangement is t h a t  of f i g u r e  1 6 ( b ) .  With c u r r e n t l y  
available, con t ro l l ed  rect i f ier  reverse  vol tage r a t i n g s ,  i nve r se  
vol tage t r a n s i e n t s  should no t  be a problem with t h i s  s e l e c t e d  
c i r c u i t .  
The disadvantage of t h e  conf igura t ions  of f i g u r e  
The use of con t ro l l ed  rectifiers i n  a l t e r n a t i n g  c u r r e n t  
app l i ca t ions ,  unl ike t h a t  of app l i ca t ion  i n  direct c u r r e n t  cir-  
c u i t s ,  does n o t  r equ i r e  energy s to rage  turn-off components. Con- 
t ro l l ed  rectifiers used i n  an a l t e r n a t i n g  c u r r e n t  c i r c u i t  w i l l  
cease t o  conduct n a t u r a l l y  on t h e  first cu r ren t  zero a f t e r  t h e  
removal of t h e  gate-to-cathode s igna l .  It the re fo re  becomes 
necessary f o r  the con t ro l  c i r c u i t  t o  provide a g a t e  s i g n a l  t o  t h e  
con t ro l l ed  r e c t i f i e r s  each t i m e  t h e  a l t e r n a t i n g  phase sequence 
provides a condi t ion with the  anode p o t e n t i a l  more p o s i t i v e  than  
the  cathode. To e l imina te  t h e  p o s s i b i l i t y  of phase c o n t r o l ,  it 
also becomes necessary f o r  t h e  ga t e  s i g n a l  t o  be a v a i l a b l e  as soon 
as t h e  anode p o l a r i t y  s t a r t s  pos i t i ve .  This s i g n a l  must be o f  
s u f f i c i e n t  dura t ion  t o  permit t h e  anode c u r r e n t  t o  become greater 
than the  SCR holding cur ren t .  T h i s  condi t ion must be provided 
with induct ive loads where t h e  cu r ren t  l a g s  i ts  re spec t ive  vol tage.  
Inver te r  System C o n t a c t o r  Designs 
Inve r t e r  cont ro l  contactor /converter  con t ro l  contac tor .  - The 
direct  cu r ren t  ICC/CCC, which i s  common to  the  converter  and inver-  
ter systems, w a s  discussed previously.  
Load bus, load con t ro l ,  and t i e  bus contactors .  - The complete 
circu’lt diagram f o r  the  a l t e r n a t i n g  cu r ren t  LBC, LCC and TBC i s  
shown i n  f i g u r e  17. These contac tors  use t h e  same electrical com- 
ponents s i n c e  t h e i r  power r a t i n g s  are i d e n t i c a l .  
rectifiers S C R l  through SCR6, are connected back-to-back i n  p a i r s ,  
i n  series with t h e  three power l i n e s  between t h e  power source and 
t h e  load. 
22 t o  30 v o l t s ,  a regula ted  voltage of 15 vol ts  is provided by 
resistor R31 and Zener diode CR21. This regula ted  vol tage  i s  
appl ied t o  a Royer Oscillator. The con t ro l l ed  rectifier g a t e  
d r ives  are suppl ied by t h i e  free runaing osc i l la tor  which provides 
The power c i r c u i t  s ta t ic  contac ts ,  cons i s t ing  of con t ro l l ed  
With t h e  dc con t ro l  bus energized with a p o t e n t i a l  of 
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electrical  i s o l a t i o n  between t h e  contac tor  cont ro  
c u i t s .  The o s c i l l a t o r ,  which has b 
(ref, 5)  is  made up of transistors 
former T1,  vo l tage  sp ike  supp 
i s t o r  emitter c i r c u i t  d i  
CR22 , feedback winding 
s t a r t i n g  r e s i s t o r  R19 . 
I s o l a t e d  s i g n a l s ,  r e s u l t i n g  f r o m  t h e  r e c t i f i e d  osci1lator 
square waves, ga t e  t h e  con t ro l l ed  rectifiers from s i x  
windings using rectifier diodes CR1 through CR12,  c u r r  
r e s i s t o r s  R7 through R18, and wave form shaping c a p a c i t o r s  C 1  
through C6. 
t he  s t a t i c  contac tor  w i l l  be closed. When t h e  o s c i l l a t o r  i s  s h u t  
down, g a t e  s i g n a l s  are n o t  provided t o  t h e  con t ro l l ed  rectifiers 
S C R l  through SCR6; the re fo re ,  conduction ceases, l i n e  c u r r e n t  is  
blocked, and t h e  contac tor  is open. 
With t h e  o s c i l l a t o r  running and l i n e  vo l t age  
The con t ro l  l o g i c  f o r  t h e  contac tors  consists of a b i s t a b l e  
Schmitt t r i g g e r  which i s  composed of r e s i s t o r s  R20,  R23, R 2 6 ,  R28, 
and R 2 9 ,  c apac i to r  C 7  and t r a n s i s t o r s  Q3 and 44.  When c o n t r o l  bus 
vol tage i s  first appl ied  t o  t h e  contac tor ,  t r a n s i s t o r  Q4 conducts 
through r e s i s t o r s  R23 and R28, a f t e r  being forward b iased  from 
base t o  emitter by a vol tage provided by r e s i s t o r s  R20 ,  R 2 6 ,  and 
R29.  With Q4 on, t r a n s i s t o r  Q5 w i l l  be o f f ,  and t r a n s i s t o r  Q6 
w i l l  be on. T rans i s to r  Q6 with diodes CR15 and CR18 s h o r t  cir- 
c u i t  CR16 and CR17 and the  base t o  emitters of t h e  o s c i l l a t o r  
t r a n s i s t o r s  Q1 and Q2. This causes t h e  o s c i l l a t o r  t o  remain i n  
a shutdown condi t ion and consequently t h e  contac tor  is open. 
When a turn-on s i g n a l  i s  appl ied,  t rans is tor  Q3 is  forward 
biased through r e s i s t o r s  R25 and R 2 7  and Zener diode CR19.  With 
t r a n s i s t o r  Q3 conducting, Q4 i s  turned o f f .  This r e s u l t s  i n  Q5 
turn ing  on s i n c e  it is  forward biased through r e s i s t o r s  R23 and 
R34 and Zener diode CR20; consequently, Q6 t u r n s  o f f  causing t h e  
o s c i l l a t o r  t o  run and t h e  contac tor  t o  close, B h c e  t h e  turn-on 
s i g n a l  i s  appl ied momentarily, feedback resistox? R22 is prorJided 
t o  maintain t r a n s i s t o r  43 of t he  Schmitt t r i g g e r  condtzeting. 
Diode CR23 i s o l a t e s  t h e  turn-on s i g n a l  from the  c o l l e c t o r  of t ran-  
s i s t o r  Q4. 
of ak system 
shutdown or a system It, t r a n s i s t a r  Q4 t on r being 
forward b iased  throu  sistors I121 and R29'. T r a n s i s t a r  Q3 and 
Q5 w i l l  t u rn  off and Q6 is  turned on s i n c e  
biased from base t o  e m i t t e r  through re 
o s c i l l a t o r  opera t ion  was 
When a turn-off a i l  is  appl ied ,  bec 
a c t o r  w i l l  remain opened u n t i l  it is es 
A photograph of t h e  breadboard design of t fnver-ter system 
LBC, LCC, and t h e  TEC is  shown i n  f i g u r e  18. 
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Figure 18. - Engi ication Model of In erter System 
C, LCC, and TBC 
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The est imated weight of only the  electrical components f o r  t h e  
LBC, LCC and TBC contac tors  i s  1 .04  pounds. 
E x p e r i m e n t a l  E v a l u a t i o n  o f  S t a t i c  C o n t a c t o r  D e s i g n s  
Experimental test r e s u l t s  af the s t a t i c  designs of t h e  ICC/ 
CCC and t h e  i n v e r t e r  system LBC, LCC and TBC are repor ted  i n  t h i s  
sec t ion .  The s ta t ic  contac tors  w e r e  conencted i n t o  a power source 
and load c i r c u i t  and the  eva lua t ion  tests performed. 
For purposes of c l a r i t y  and expendiency i n  performing t h e  
tests i n  the labora tory ,  the d i f f e r e n t  types of load tests such as 
r e s i s t i v e ,  i nduc t ive - re s i s t i ve ,  and c a p a c i t i v e - r e s i s t i v e ,  as 
appl icable ,  w e r e  performed sepa ra t e ly  on each of t h e  t w o  contac tor  
designs.  The r epor t ing  of t h e  r e s u l t s  of these tests, however, is  
accomplished according t o  the magnitude of t h e  appl ied  load  cur- 
r e n t  which includes a l l  of t h e  load types appl ied  t o  each s p e c i f i c  
contac tor  design. T h i s ,  it is  bel ieved,  permits  less r e p e t i t i o n  
i n  the repor t ing  of the  acquired r e s u l t s  and provides f o r  a d i r e c t  
comparison of t he  measured data .  
T e s t  r e s u l t s  of ICC/CCC design. - The two types of dc loads 
applied t o  t h e  ICC/CCC w e r e  r e s i s t a n c e  and induc t ive - re s i s t i ve ,  
An inductance-to-resistance load r a t i o  of 0 , 0 0 1 1  a t  one pe r  u n i t  
r a t e d  cu r ren t  and one p e r  u n i t  r a t e d  vol tage  w a s  used f o r  t h e  
r e s i s t i ve - induc t ive  load test. Figure 1 9  shows the  labora tory  
tes t  c i r c u i t  used t o  eva lua te  the  ICC/CCC s t a t i c  contac tor ,  
During the  t e s t i n g  of t h e  direct  c u r r e n t  ICC/CCC, a change 
was made i n  t h e  cont ro l led  rectifier power contac t  SCR1. This 
was done when the i n i t i a l  con t ro l l ed  rect i f ier  d i d  no t  t u r n  o f f  
when subjected t o  induc t ive - re s i s t i ve  load cu r ren t s  of 200 and 250 
percent  of r a t e d  load, The S C R l  power contac t  w a s  changed from 
a 110-ampere, rms device t o  a 235-ampere, rms device,  
No-load measurements: The r e s u l t s  of t h i s  test  show t h a t  t h e  
leakage cu r ren t  through S C R l  w a s  26 microamperes with t h e  contac tor  
"opened", w i t h  t h e  power contac t  S C R l  case temperature a t  room 
ambient, and with 28 v o l t s  dc appl ied  t o  t h e  i n p u t  te rmina ls  Tl-T2.  
W i t h  the contactor  "opened", immediately after temperature s t a b i l i -  
za t ion l  of S C R l  a t  a one pe r  u n i t  cu r ren t  of 40 amperes, the  leak- 
age cu r ren t  through S C R l  w a s  48 microamperes. Because the temper- 
a tu re  of S C R l  decreases very r ap id ly  after removal of load  c u r r e n t ,  
the  d i f f e rence  between t h e  s t a b i l i z e d  case temperature of SCRl  
w i t h  load cu r ren t  and when the  leakage cu r ren t  of 48 microamperes 
w a s  measured w a s  4OOF. 
lTemperature s t a b i l i z a t i o n  i s  that p o i n t  when a thermocouple 
a t tached t o  t h e  case of the  SCR a t t a i n s  a s teady-s ta te  value. 
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Rated-load measurements: With t h e  load cu r ren t  ad jus t ed  t o  
40 amperes and t h e  vol tage across t h e  contac tor  ou tput  te rmina ls  
Ll-L2 a t  28 v o l t s  dc,  measurements of contac tor  i npu t  and output  
vol tage and cu r ren t  w e r e  recorded before  and after t h e  case t e m -  
pera ture  of SCRl w a s  s t a b i l i z e d .  The contac tor  e f f i c i e n c y ,  a t  
r a t e d  cu r ren t  of 40 amperes, is  96.2 percent  with t h e  110-ampere 
con t ro l l ed  rect i f ier  and 96.94 percent  with t h e  235-ampere con- 
t r o l l e d  r e c t i f i e r .  The increased e f f i c i e n c y  r e s u l t s  because of a 
lower forward vol tage drop. 
across  t h e  235-ampere-controlled r e c t i f i e r  a t  a s t a b i l i z e d  case 
temperature rise of 76OF compares t o  a voltage drop of 1.115 
v o l t s  dc  with t h e  110-ampere con t ro l l ed  rectifier a t  a s t a b i l i z e d  
case temperature rise of 97OF. 
The vol tage  drop of 0.88 vo l t s  dc 
Af te r  t h e  case of SCRl was temperature s t a b i l i z e d  a t  a 40- 
ampere r e s i s t i v e  and 40-ampere induc t ive - re s i s t i ve  load,  oscil- 
lograms of load app l i ca t ion  and load removal w e r e  taken. Figures  
20 and 2 1  are t h e  oscil lograms of load c u r r e n t  a p p l i c a t i o n  f r o m  
zero t o  40 amperes and load removal from 40  amperes t o  zero f o r  
a resistive load. Figure 22 presents  t he  same load c u r r e n t  switch- 
ing  f o r  an induc t ive - re s i s t i ve  load. From t h e  osc i l l og raph  traces 
of contactor  output  vol tage (Vo) and contactor  ou tput  c u r r e n t  (SCR1 
cu r ren t )  it is  seen t h a t  output vo l tage  and c u r r e n t  are de l ivered  
t o  the  load with t h e  app l i ca t ion  of a turn-on s i g n a l  and t h a t  t h e  
output  vol tage and cu r ren t  are removed from t h e  load wi th  appl i -  
ca t ion  of a turn-off s igna l .  Therefore,  it is  seen t h a t  t h e  b a s i c  
requirement of contactor  opera t ion ,  which is  the  conduction and 
i n t e r r u p t i o n  of a load cu r ren t ,  is s a t i s f a c t o r y .  The delay of 
approximately 0.07 seconds between t h e  t i m e  of s i g n a l  app l i ca t ion  
and u n t i l  load cu r ren t  flows i s  t h e  i n t e n t i o n a l  t i m e  de lay  designed 
i n t o  t h e  cont ro l  c i r c u i t  t o  permit capac i to r  C 1  t o  acqui re  f u l l  
vol tage p r i o r  t o  con t ro l l ed  rect i f ier  SCRl tu rn ing  on. 
Figure 23 shows osc i l loscope  p i c t u r e s  of t h e  t r a n s i e n t  c u r r e n t  
through and t h e  vol tage across the  power contac t  S C R l  w i th  resis- 
t i v e  and induc t ive - re s i s t i ve  load app l i ca t ion  from zero t o  40 amp- 
eres a f t e r  t h e  case of SCRl w a s  temperature s t a b i l i z e d  a t  t h e  con- 
t a c t o r  one per  u n i t  cu r ren t  r a t i n g  of 40 amperes. 
ject  t h e  ICC/CCC t o  a 125 percent  load (50 amperes) f o r  f i v e  
minutes and t o  d i sce rn  and record operat ion.  The s p e c i f i e d  load  
cu r ren t  and t i m e  l i m i t  are overload requirements f o r  t h e  e x i s t i n g  
inverter /converter  . 
Overload measurements: The purpose of t h i s  tes t  w a s  t o  sub- 
This test  w a s  performed by temperature s t a b i l i z i n g  t h e  case 
of SCRl with a 40-ampere resistive load. The load c u r r e n t  w a s  
then increased t o  50 amperes and r e t a ined  a t  t h i s  va lue  f o r  f ive  
minutes. Contactor input  and output  vo l tages  and cu r ren t s  w e r e  
recorded a f t e r  temperature s t a b i l i z a t i o n  of SCRl and a t  t h e  begin- 











F i g  
1 0  AnlPERES PER D I V I S I O N ,  VERTICAL 
2 MILLISECONDS P E R  D I V I S I O N ,  HORIZONTAL 
CURRBNT TRANSIEXT 
0 to 40 Amperes, 
5 VOLTS PER DIVISTON,  VERTICAL 
2 MILLISECONDS P E R  D I V I S I O N ,  HORIZONTAL 
VOLTAGE TRANSIENT 
10 AMPERES PER DIVISION, VERTICAL 
2 MILLISECONDS PER DIVISION, HORIZONT 
CURRENT TRANSIENT 
0 to 40 Amperea, In1 
Resistive Load 
lure 23.  - Sta i c  ICC/CCC V o l t a g e  and C u r r e n t  T r a n s i e n t s  of 
C o n t a c t ,  S C R l ,  D u r i n g  L o a d  A p p l i c a t i o n  
Power 
54 
tact SCRl case temperature increased  by 20°F f r o m  a s t ab i l i zed  
temperature rise of 96OF during t h e  five-minute, 50-ampere load 
appl ica t ion .  The recorded vol tage  dro across S C R l  remained 
unchanged f o r  t h e  load c u r r e n t s  of 40 nd 50 amperes. With t h e  
conduction and i n t e r r u p t i o n  of a 50-ampere load performed without  
exceeding t h e  temperature r a t i n g  of SCR1, it is  concluded t h a t  
contac tor  opera t ion  f o r  a 125 percent  load is  s a t i s f a c t o r y .  
Overload a p p l i c a t i o n  and removal: A f t e r  t h e  case of S C R l  w a s  
temperature s t a b i l i z e d  a t  a 40-ampere r e s i s t i v e  and 40-ampere 
induc t ive - re s i s t i ve  load,  an osci l logram w a s  taken of c u r r e n t  
i nc rease  t o  80 amperes and load removal. Figures  24 and 25 are t h e  
oscil lograms of load c u r r e n t  i nc rease  from 40 t o  80 amperes and 
load removal from 80 amperes t o  zero f o r  the r e s i s t i v e  and induc- 
t i v e - r e s i s t i v e  loads ,  r e spec t ive ly .  The s t a t i c  con tac to r  i n t e r -  
rupted t h e  80-ampere load one second af ter  a p p l i c a t i o n  with a 
mechanical contac tor ,  used as a back-up device,  ope ra t ing  200 m i l l i . 7  
seconds later. The reason f o r  t h e  i n t e r r u p t i o n  of a smooth c u r r e n t  
build-up f o r  t h e  SCRl  c u r r e n t  trace t o  80 amperes from t h e  i t i t i a l  
40-ampere l e v e l  has no t  been inves t iga t ed .  T h i s  a f f e c t  may be  
caused by a momentary lack of a s u f f i c i e n t  number of carriers i n  
S C R l  . 
Figure 26 shows osc i l l o scope  p i c t u r e s  of t h e  t r a n s i e n t  c u r r e n t  
through and the  vol tage  across  t h e  power con tac t  S C R l  wi th  resis- 
t i v e  and induc t ive - re s i s t i ve  load c u r r e n t  i nc rease  from 40 t o  80 
amperes after t h e  case of S C R l  w a s  i n i t i a l l y  temperature s t a b i l i z e d  
a t  t he  40-ampere load. 
Short  c i r c u i t  a p p l i c a t i o n  and removal: Using t h e  same test 
procedure descr ibed f o r  t h e  200-percent loads,  s h o r t - c i r c u i t  cur- 
r e n t  oscil lograms and osc i l l o scope  p i c t u r e s  w e r e  taken. Figures  
27 and 28 are t h e  osci l lograms of load c u r r e n t  i nc rease  from 40  t o  
100 amperes and load removal from 100 amperes t o  zero f o r  t h e  
r e s i s t i v e  and i n d u c t i v e - r e s i s t i v e  loads, r e spec t ive ly .  The s t a t i c  
contac tor  i n t e r r u p t e d  t h e  100-ampere s h o r t - c i r c u i t  c u r r e n t  800 
mil l iseconds af ter  app l i ca t ion  with t h e  mechanical con tac to r ,  used 
f o r  back-up, opera t ing  200 mil l iseconds later.  
The osc i l l o scope  p i c t u r e s  of t r a n s i e n t  c u r r e n t  through and t h e  
vol tage  drop across  S C R l  wi th  r e s i s t i v e  and i n d u c t i v e - r e s i s t i v e  
load c u r r e n t  i nc rease  f r o m  40 t o  100 amperes, after t h e  case of 
S C R l  w a s  temperature s t a b i l i z e d  a t  t h e  40 ampere load ,  are shown 
i n  f i g u r e  29. 
Cycling: With a r e s i s t i v e  load ad jus t ed  t o  40 amperes and t h e  
vol tage  across  the contac tor  output  te rmina ls  L 1  and L2 a t  approxi- 
mately 28 v o l t s ,  t h e  case of S C R l  w a s  temperature s t a b i l i z e d .  Con- 
t a c t o r  ou tput  and inpu t  vo l tages  and c u r r e n t s  w e r e  recorded before  
and af ter  temperature s t a b i l i z a t i o n  of SCR1. 
s t a b i l i z a t i o n  t h e  contac tor  w a s  s a t i s f a c t o r i l y  cycled on and o f f  
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for  a to t a l  of 50 cyc les  such t h a t  t h e  contac tor  w a s  on f o r  1 0  
seconds and of f  f o r  0.25 seconds. 
T e s t  r e s u l t s  of i n v e r t e r  system LBC, LCC and TBC design. - 
Three types of ac loads w e r e  appl ied t o  t h e  i n v e r t e r  system con- 
tactor which is  capable of funct ioning as t h e  LBC, LCC and TBC. 
These loads w e r e  resistive, indua t ive - re s i s t i ve  a t  0.75 lagging 
power factor, and capac i t i ve - r e s i s t i ve  a t  0.75 leading power 
f ac to r .  Figure 30 shows t h e  labora tory  test  c i r c u i t  used t o  
eva lua te  t h e  ac s t a t i c  contactors .  
A f t e r  t h e  completion of t h e  resistive and 0.75 leading  power 
f a c t o r  load tests, a r e s i s t i ve -capac i t i ve  network w a s  appl ied  
l ine- to- l ine  across  the  output  terminals  of t h e  s t a t i c  contac tor  
p r i o r  t o  performing t h e  0.75 lagging power f a c t o r  load tests. The 
network cons is ted  of a 10-ohm, 2 - w a t t ,  wire-wound resistor i n  
series with the  equiva len t  of a 0.23-microfarad, 1000-vol t  capac- 
i t o r .  This network w a s  used on the  s t a t i c  contac tor ,  as a pre- 
cautionary measure, t o  suppress any vol tage  sp ikes  which might 
r e s u l t  because of cu r ren t  i n t e r r u p t i o n  of an induct ive  load. This 
ac t ion  w a s  undertaken when considerat ion w a s  i n i t i a l l y  given t o  
the  poss ib le  reasons the  d i r e c t  cu r ren t  ICC/CCC f a i l e d  t o  i n t e r r u p t  
t h e  200 and 250 percent  i nduc t ive - re s i s t i ve  load cu r ren t s .  Upon 
reconsiderat ion of t he  method of tu rn ing  of f  t h e  i n v e r t e r  system 
cont ro l led  r e c t i f i e r  contac tor ,  it is  realized t h a t  induct ive  
vol tage spikes  cannot be generated s i n c e  the  con t ro l l ed  rectifier 
as appl ied i n  the  a l t e r n a t i n g  cu r ren t  c i r c u i t  w i l l  cease t o  conduct 
on t h e  first cu r ren t  z e r o  after removal of t h e  ga t ing  s i g n a l .  This 
is  v e r i f i e d  i n  t h e  oscil logram traces. Therefore,  a t  contac tor  
t u r n  o f f ,  energy i s  not  s t o r e d  i n  t h e  load inductor  s i n c e  t h e  cur- 
r e n t  through it has been reduced to  zero and then extinguished. 
No-load measurements: The purpose of t h e  no-load tests w a s  
t o  record information on the  contactor  no-load performance. 
Control c i r c u i t  vol tage and cu r ren t  measurements w e r e  made t o  
be ab le  t o  determine t o t a l  contac tor  e f f i c i e n c y  under load. The 
s teady s ta te  cont ro l  requirement with t h e  o f f  s i g n a l  energized is 
0.82 amperes a t  28 vol t s  dc. With t h e  on s i g n a l  energized,  t h e  
cont ro l  requirement i s  0.845 amperes a t  28 v o l t s  dc. The on and 
o f f  s i g n a l  vol tage and cu r ren t  requirements w i l l  no t  e n t e r  i n t o  
t h e  e f f i c i ency  ca l cu la t ions  because they are only appl ied  momen- 
t a r i l y .  
With t h e  s ta t ic  contac tor  "opened" and t h e  three-phase voltage 
a t  t h e  inpu t  terminals  Tl-T2-T3 a t  200 v o l t s ,  rms, l ine - to - l ine ,  
a t  400 cycles  per  second, t h e  average vol tage across t h e  three- 
power contac t  w a s  112 .6  vo l t s ,  rms. The leakage c u r r e n t  of t h e  
con t ro l l ed  rectifier power contac ts  could not  be read and w a s  
recorded a t  zero. This r e s u l t  w a s  recorded wi th  t h e  con t ro l l ed  
r e c t i f i e r  case temperatures a t  room ambient and immediately af ter  
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being temperature s tab i l ized  a t  t h e  one per  u n i t  contactor c u r r e n t  
r a t i n g  of 2.2 amperes, rms. Control led r e c t i f i e r s  SCR1, SCR3, and 
SCR5 w e r e  temperature monitored. 
Rated-load measurements: With t h e  three-phase,  balanced, wye- 
connected load ad jus ted  t o  2.2 amperes, rms pe r  phase and t h e  volt-  
age across t h e  contac tor  output  terminals  L 1  and L2,  L2 and L3, and 
L 1  and L3 a t  200 v o l t s ,  rms, measurements of contac tor  i npu t  and 
output  vol tage,  cu r ren t ,  and wattage w e r e  recorded a f t e r  t h e  case 
temperatures of SCR1, SCR3, and SCR5 were s t a b i l i z e d .  The average 
vol tage drop of a l l  three power con tac t s ,  measured wi th  an oscillo- 
scope, w a s  1.315 v o l t s  rms a t  a one pe r  u n i t  cu r ren t  r a t i n g  of 2.2 
amperes, rms resistive. The s t a b i l i z e d  temperature r ise w a s  15O t o  
19OF above t h e  reference temperature of 75OF- The contactor 
e f f i c i ency  a t  2.2 amperes rms resist ive per  phase, inc luding  t h e  
power l o s s  of t h e  con t ro l  c i r c u i t ,  i s  95.9 percent .  
A f t e r  case temperature s t a b i l i z a t i o n  of con t ro l l ed  r e c t i f i e r s  
SCR1, SCR3, and SCR5 with a three-phase balanced load of 2.2 am- 
peres ,  rms resistive, capac i t i ve - r e s i s t i ve  and induc t ive - re s i s t i ve ,  
oscil lograms of load app l i ca t ion  and load removal w e r e  taken. 
Figures 31, 32 and 33 are t h e  oscil lograms of load c u r r e n t  appl i -  
ca t ion  f r o m  zero t o  2 - 2  amperes and load removal from 2.2 amperes 
t o  zero f o r  t h e  resistive, capac i t i ve - r e s i s t i ve ,  and inductive- 
r e s i s t i v e  loads,  respec t ive ly .  From t h e  osc i l lograph  traces of 
contactor  output  vo l tage  (Ll -L2 and L2-L3) and contac tor  ou tpu t  
cu r ren t  ( L l ,  L 2 ,  and L3),  it i s  seen khat ou tput  vo l tage  and cur- 
r e n t  are de l ivered  t o  the  load wi th  t h e  app l i ca t ion  of a turn-on 
s i g n a l  and t h a t  t h e  output  vol tage and c u r r e n t  are removed f r o m  
t he  load with app l i ca t ion  of a turn-off s i g n a l .  Since t h i s  f u l -  
f i l l s  t h e  basic requirement of power contac tor ,  it is concluded 
t h a t  t h e  s ta t ic  contac tor  performed s a t i s f a c t o r i l y .  
Figures 34 and 35 show osc i l loscope  p i c t u r e s  of t h e  t r a n s i e n t  
cu r ren t  through t h e  vol tage across t h e  power con tac t  of S C R l  and 
SCR2 with r e s i s t i v e ,  i nduc t ive - re s i s t i ve  and c a p a c i t i v e - r e s i s t i v e  
load app l i ca t ion  from z e r o  t o  2 .2  amperes, rms a f t e r  t h e  case 
temperature of SCRl w a s  s t a b i l i z e d  a t  2.2 amperes. The unsymmet- 
r ical  vol tage drop across t h e  con t ro l l ed  rectifiers , about t h e  
zero reference l i n e ,  i s  a r e s u l t  of t h e  cu r ren t  probe i n  series 
with t h e  cathode of t h e  con t ro l l ed  r e c t i f i e r .  Because t h e  c u r r e n t  
and vol tage t r a n s i e n t  photographs w e r e  no t  taken simultaneously,  
d i r e c t  comparisons cannot be made. 
Overload measurements: The purpose of t h i s  test w a s  t o  sub- 
ject t h e  i n v e r t e r  system LBC, LCC, and TBC t o  a 125 percent  load 
(2.75 amperes) f o r  f i v e  minutes and t o  d i sce rn  and record operat ion.  
Contactor operat ion f o r  t h i s  condi t ion w a s  s a t i s f a c t o r y .  
This test  w a s  performed by temperature s t a b i l i z i n g  t h e  cases 
of cont ro l led  rectifiers SCR1, SCR3, and SCR5 with a three-phase,  
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Figure 35. - In a Voltage and 
tact, SCR #2, 
2:2 ampere, rms, balanced resistive load. The load c u r r e n t  w a s  
then increased t o  2.75 amperes p e r  phase and maintained a t  t h i s  
value for  f ive minutes. Contactor cu r ren t s ,  wattages,  and inpu t  
and output  vol tages  w e r e  recorded after con t ro l l ed  rectifier t e m -  
pe ra tu re  s t a b i l i z a t i o n  and a t  t h e  beginning and end of t h e  f ive-  
minute i n t e r v a l .  The con t ro l l ed  r e c t i f i e r  case temperatures 
increased by approximately 3OF above the  s t a b i l i z e d  temperatures 
of 9 l 0  t o  95OF during t h e  five-minute, 125-percent-load appl ica t ion .  t o  
The recorded vol tage drops across t h e  power con tac t s  remained 
e s s e n t i a l l y  unchanged f o r  t h e  load cu r ren t s  of 2.2 and 2.75 amperes. 
With t h e  conduction and i n t e r r u p t i o n  of 2.75 amperes p e r  phase per- 
formed without exceeding t h e  temperature r a t i n g s  of SCR1, SCR3, 
and SCR5, contactor  operat ion for  a 125-percent load i s  concluded 
t o  be s a t i s f a c t o r y .  
Overload app l i ca t ion  and removal: A f t e r  t h e  cases of SCR1, 
SCR3, and SCR5 w e r e  temperature s t a b i l i z e d  a t  a three-phase,  
balanced l i n e  cu r ren t  of 2.2 amperes, rms, r e s i s t i v e ,  capaci t ive-  
resistive, and induc t ive - re s i s t i ve  load oscil lograms w e r e  taken 
of cu r ren t  increase  t o  4.4 amperes and load removal. Figures 36, 
37, and 38 are t h e  oscil lograms of load c u r r e n t  i nc rease  from 2.2 
t o  4 . 4  amperes and load removal from 4.4 t o  zero for  t h e  r e s i s t i v e ,  
capac i t i ve - r e s i s t i ve ,  and induc t ive - re s i s t i ve  loads,  r e spec t ive ly .  
The s t a t i c  contactor  i n t e r rup ted  t h e  4 . 4  ampere load one minute 
af ter  appl ica t ion .  Af te r  one minute a t  4 .4  amperes, t h e  case 
temperatures of SCR1, SCR3, and SCR5 measured 96 t o  1 0 2 O F .  
Figures 39 and 40 show osc i l loscope  p i c t u r e s  of t h e  c u r r e n t  
through and t h e  vol tage across t h e  power contac t  SCRl and SCR2 with 
r e s i s t i v e ,  i nduc t ive - re s i s t i ve ,  and c a p a c i t i v e - r e s i s t i v e  load cur- 
r e n t  increase  from 2.2 t o  4 .4  amperes, rms a f t e r  t h e  case temper- 
a t u r e  of SCRl w a s  s t a b i l i z e d  a t  2 .2  amperes. A s  s ta ted previously,  
t he  unsymmetrical vol tage drop across t h e  con t ro l l ed  rectifiers i s  
a r e s u l t  of t he  cu r ren t  probe i n  series wi th  t h e  cathode of t h e  
cont ro l led  r e c t i f i e r .  A l s o ,  because the  c u r r e n t  and vol tage  
photographs w e r e  no t  taken s imultaineously,  d i r e c t  comparisons can- 
no t  be made. 
Figures 4 1 ,  4 2  and 43 are t h e  oscil lograms of load c u r r e n t  
increase  f r o m  2.2 t o  5.5 amperes, rms and load removal f r o m  5.5 
amperes t o  zero for  t h e  resistive, capac i t i ve - r e s i s t i ve ,  and 
induct ive- res i s t ive  loads,  respec t ive ly .  The s t a t i c  contac tor  
i n t e r rup ted  t h e  5.5-ampere s h o r t - c i r c u i t  c u r r e n t  800 mil l iseconds 
after appl ica t ion  with a mechanical contac tor  ope ra t ing  200 m i l l i -  
seconds la ter .  
The osc i l loscope  p i c t u r e s  of t r a n s i e n t  c u r r e n t  through and 
the  vol tage drop across the  power contac t  SCRl and SCR2 with resis- 
t i v e ,  induct ive- res i s t ive ,  and capac i t i ve - r e s i s t i ve  load  c u r r e n t  


















~ . _  
1 MILLISCCOMD PER DIVISION, HORIZONTAL 
2 . 5  AMPERES PER DIVISION, VERTICAL 
3 MILLISECONDS PER DIVISION, HORIZONTAL 
2 . 2  to 4 . 4  AMPERES, RLSBTIVE LO.- 
2 . 5  AMPERES PER DIQBIOM, VERTlCAL 
5 MILLISECONDS PER DIVISION, HORIZONTAL S MILLISECONDS PER DIVISION, HORIZONTAL 
2 . 2  co 4.4 AMPERES, . 7 5  LAGGING POWER FACTOR 
1 VOLT PER DIVISION, VERTICAL 2 . 5  AMPERES PER DlVlSION, VERTICAL 
5 MILLISECONDS PER DIVISION, HORIZONTAL 5 MILLISECONDS PER DIVISION, HORIZONTAL 
2 1 2  to 4.4 AMPERES, .75 LEADING POWER FACTOR 
VOLTAGE TRANSIENTS 
SCR#1 
Figure 3% - 




Contactor. Volta a 
Power  Contact, SC 
Increase 
7 
2 . 5  P.MVfPERES PER DIVISION, VERTICAL 
5 MILLISECONDS PER DIVISION, HORIZONTAL 
. 5 VOLTS PER DIVISION, VERTICAL 
j L~ILIJSCCONDS PBR DIVISION, HORIZONTAL 
2 . 2  to 4 . 4  AMPERES, RESlSTIVF COAD 
5 MILLISECONDS PER DIVISION, HORIZONTAL 
2 . 2  to 4 .4  AMPFRES, . 7 5  LAGGING POWER FACTOR 
. 5 VOLTS PER DIVISION, VERTICAL 2 .  s AMPERES PER DIVISION, VERTICAL 
1 MIUISECOND PER DIVISlON, HORIZONTAL 1 MILLISECOND PER DIVISION, HORIZONTAL 





0 .  - Investe ontaetor. Voltage and 
ntact, SCR 02,  
75 
temperature s t a b i l i z e d  a t  t h e  2.2 ampere load,  are shown i n  f i g -  
ures  44 and 45. The remarks regarding the unsymmetrical vo l tage  
drop across  t h e  con t ro l l ed  r e c t i f i e r s ,  because of t h e  c u r r e n t  probe 
i n  series with the  con t ro l l ed  r e c t i f i e r s ,  are app l i cab le  here. 
Also, d i r e c t  comparisons of t h e  displayed vol tage  and c u r r e n t  can- 
no t  be made because t h e  photographs w e r e  no t  taken simultaneously.  
Contactor maximum continuous c u r r e n t  r a t i n g :  The c o n t r o l l e d  
rectifier and heat s ink  combination used f o r  t h e  i n v e r t e r  system 
contactors  makes it poss ib l e  f o r  t h e  contac tor  t o  conduct g r e a t e r  
cu r ren t s  than requi red  f o r  t h i s  app l i ca t ion .  T h e  c o n t r o l l e d  
rectifier used i s  a s tandard u n i t  which provides a g r e a t e r  c u r r e n t  
c a p a b i l i t y  without a w e i g h t  o r  s i z e  penal ty .  
of t h i s  test  t o  determine the maximum cur ren t  r a t i n g  t h e  s t a t i c  
contac tor  could conduct continuously without  exceeding t h e  junc t ion  
temperature r a t i n g  of t h e  con t ro l l ed  rect i f ier  con tac t s ,  T h e  
r e s u l t s  of t h i s  test  can be used, w i t h  some e s t a b l i s h e d  s a f e t y  
f a c t o r ,  depending on the app l i ca t ion ,  t o  ob ta in  t h e  c u r r e n t  r a t i n g  
of t h e  contactor .  It should be recognized t h a t  t h e  r e s u l t s  
obtained are f o r  a given con t ro l l ed  rectifier h e a t  s i n k  and bread- 
board configurat ion.  
It w a s  t h e  purpose 
The tes t  was performed w i t h  t he  s t a t i c  contac tor  connected t o  
an ad jus tab le ,  balanced, three-phase r e s i s t i v e  load. With t h e  
l ine- to- l ine  vol tages  across  t h e  contac tor  ou tput  te rmina ls  a t  200 
v o l t s  rms, the contac tor  w a s  subjec ted  t o  the m s  l i n e  cu r ren t s  
given i n  table 111. Corresponding maximum case temperatures are 
l is ted which permit t h e  con t ro l l ed  rectifiers t o  ope ra t e  a t  t h e  
maximum rated junc t ion  temperature of 257OF (125OC). With the 
l isted load cu r ren t  conducted by the contac tor ,  t he  cases of SCR1,  
SCR3, and SCR5 w e r e  temperature s t a b i l i z e d  without  exceeding t h e  
tabula ted  maximum value,  The  labora tory  measured case tempera- 
t u r e s ,  including room ambient temperature, are presented i n  table 
I11 f o r  t h e  corresponding load cu r ren t s .  Contactor vo l tages ,  
cur ren ts ,  and temperatures w e r e  recorded before  and a f t e r  temper- 
a t u r e  s t a b i l i z a t i o n  of the con t ro l l ed  rectifiers, It w a s  estab- 
l i s h e d  t h a t  the contac tor  could "open" and "close" on each load 
cu r ren t  before  proceeding t o  t h e  next  load value.  
Cycling test: W i t h  a three-phase, balanced, r e s i s t i v e  load 
ad jus ted  t o  2.2 amperes, rms and t h e  vol tage  across  t h e  con tac to r  
output  terminals  a t  200 v o l t s  l i ne - to - l ine ,  t he  cases of SCR1, 
SCR3, and SCR5 w e r e  temperature s t a b i l i z e d ,  Contactor vo l tages ,  
cu r ren t s  and wattages w e r e  recorded before  and after temperature 
s t a b i l i z a t i o n  of the  con t ro l l ed  rectifiers,  
s t a b i l i z a t i o n ,  t h e  contac tor  w a s  cycled on and o f f  for  a t o t a l  of 
50 cycles  such t h a t  t h e  contac tor  w a s  on f o r  1 0  seconds and o f f  
f o r  0.25 seconds. The cyc l ing  tes t  w a s  considered success fu l  
because the s ta t ic  swi t ch  appl ied and removed load from t h e  power 
source without f a i l u r e .  
A f t e r  temperature 
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(ill h a d  Current Increase (b) Applicattoii o€ Turn-oif Signal 
* c 
Figure 41. - Inverter System Static Contactor Oscillogram 
of Resistive Load, Line Current 
2.2 to 5.5 to 0 Amperes 
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I I (b) Application of Turn-off Signal 
I I I 
Figure 43. - Inverter System Static Contactor Oscillogram 
of Inductive-Resistive Load, Line Current 
2.2 to 5.5 to 0 Amperes 
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Current Trans ien ts  of Power Contact, SCR #1, 
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Table 111. - I n v e r t e r  System LBC, LCC, and TBC Maximum Current  
Rating as Function of Power Contact Temperature 










Maximum SCR Measured Case (a) Case Temperature 
Case Temperature Temperature SCR5 Rise SCR5 
(OF) (OF) (OF) 
228 114 35 
223 123 43 
210 133 54 
196 147 69 
78 181 
165 i:z (b) 35 
I I I 
(a) The case temperature of SCR5 was the highest of the three 
(b) The maximum allowable case temperature was reached 3 minutes 
monitored. 
after the load was applied. 
Re1 i a b i  1 i ty 
R e l i a b i l i t y  of s t a t i c  contac tors .  - R e l i a b i l i t y  analyses  have 
been made on t h e  dc and ac s t a t i c  contac tor  engineer ing v e r i f i c a -  
t i o n  models presented i n  t h i s  repor t .  The r e l i a b i l i t y  analyses  w e r e  
based on t h e  assumption t h a t  t h e  exponent ia l  d i s t r i b u t i o n  R = e - t / m  
i s  t h e  appl icable  mathematical model where R is t h e  r e l i a b i l i t y  
(p robab i l i t y  of f a i l u r e - f r e e  o p e r a t i o n ) ,  m is  the mean t i m e  
between f a i l u r e s  (MTBF), t is  t h e  t i m e  being considered, and e 
is t he  base of n a t u r a l  logarithm. P a s t  experience on s ta t ic  elec- 
t r i c  equipment j u s t i f i e s  t h e  assumption of t h e  exponent ia l  d i s -  
t r i b u t i o n  (ref. 6 ) .  
The MTBF ca lcu la t ions  w e r e  made consider ing a l l  p a r t s  i n  t h e  
breadboard design with a 100 percent  duty cyc le ,  s t r e s s e d  100 per- 
cen t  of t h e  t i m e .  The ICC/CCC f o r  t hese  condi t ions  has a f a i l u r e  
rate of 0.88002 percent  fa i lures  pe r  1000 hours,  which is  an 
equiva len t  MTBF of 113,634 hours. This compares t o  t h e  i n v e r t e r  
system LBC, LCC, and TBC mean t i m e  between f a i l u r e  of 68,899 hours 
and a f a i l u r e  rate of 1.45138 percent  f a i l u r e s  pe r  1000 hours. 
The ca l cu la t ed  MTBF can be improved by, first, consider ing a 
duty cycle  of less than 100 percent  f o r  those  p a r t s  used i n  t h e  
con t ro l  c i r c u i t  and, second, by using h i g h - r e l i a b i l i t y  components 
throughout t h e  c i r c u i t  . 
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Considering f i r s t  t h e  use of commercial-grade components wi th  
a one percent  duty cyc le  f o r  t h e  con t ro l  c i r c u i t ,  t h e  f a i l u r e  rate 
of t h e  ICC/CCC is 0.380702 percent  f a i l u r e s  p e r  1000 hours wi th  an 
MTBF of 262 ,672 hours.  For t h e  s a m e  condi t ions ,  t h e  i n v e r t e r  
system LBC, LCC and TBC f a i l u r e  rate is  1.2654 f a i l u r e s  p e r  1 0 0 0  
hours with an MTBF of 79 ,026  hours.  
With h i g h - r e l i a b i l i t y  p a r t s  and wi th  a 100  percent  duty cyc le ,  
t h e  f a i l u r e  rate of t h e  ICC/CCC becomes 0.79338 percent  f a i l u r e s  
per  1000  hours with an associated MTBF of 126,652 hours.  The 
corresponding f a i l u r e  rate for  t h e  i n v e r t e r  system LBC, LCC and 
TBC is  0.72262 percent  f a i l u r e s  pe r  1 0 0 0  hours with a MTBF of 
138,385 hours.  
With h i g h - r e l i a b i l i t y  p a r t s  and a one percent  duty cyc le  fo r  
the  con t ro l  c i r c u i t ,  t h e  f a i l u r e  rate of t h e  ICC/CCC becomes 
0.32381 percent  f a i l u r e s  per  1000  hours with an a s soc ia t ed  MTBF of 
311,711 hours. The f a i l u r e  rate of t h e  i n v e r t e r  system LBC, LCC 
and TBC i s  0.66885 percent  f a i l u r e s  p e r  1000 hours wi th  a MTBF of 
149,510 hours. 
R e l i a b i l i t y  of mechanical contac tors .  - Mil i t a ry  Spec i f i ca t ion  
MS 24140 provides t h e  requirements f o r  a mechanical contac tor  which 
m o s t  c lo se ly  matches t h e  electrical  r a t i n g  of t h e  s t a t i c ,  d i r e c t  
cu r ren t  ICC/CCC. One contac tor  which m e e t s  t h i s  s p e c i f i c a t i o n  is 
a single-pole,  single-throw, e l e c t r i c a l l y  he ld ,  hermet ica l ly  s e a l e d  
un i t .  The quoted r e l i a b i l i t y  d a t a  f o r  t h i s  contac tor  i s  a mean 
cycles  between f a i l u r e s  (MCBF) of 1 4 0 , 0 0 0  hours a t  a confidence 
level of 90 percent .  The ca l cu la t ed  mean t i m e  between f a i l u r e s  
(MTBF) f o r  t h e  given MCBF i s  116,713 hours.  
Mi l i t a ry  Spec i f i ca t ion  MS 25467 e s t a b l i s h e d  t h e  requirements 
f o r  a mechanical r e l a y  which compares t o  t h e  electrical  r a t i n g  of 
t h e  s t a t i c ,  a l t e r n a t i n g  cu r ren t  i n v e r t e r  system LBC, LCC, and TBC. 
One r e l ay  which m e e t s  t h i s  s p e c i f i c a t i o n  i s  a four-pole,  double- 
throw, magnetically la tched ,  hermet ica l ly  sea l ed  u n i t .  Based on 
the  reported f a i l u r e  rate of 0.346 percent  f a i l u r e s  p e r  10 ,000  
cycles ,  a t  a confidence level of 90 percent ,  t h e  ca l cu la t ed  MTBF 
i s  2410 hours and t h e  MCBF i s  28,902 cyc le s  ( r e f ,  7 ) .  These 
values w e r e  ca l cu la t ed  using t h e  s tandard cyc l ing  rate of 20 cyc le s  
pe r  minute as e s t ab l i shed  i n  MIL-R-6016, General Spec i f i ca t ion  fo r  
Aerospace Electric Relays. 
Comparison o f  S t a t i c  and Mechanical C o n t a c t o r s  
Some of t h e  electrical and phys ica l  c h a r a c t e r i s t i c s  of t h e  
breadboarded s t a t i c  engineering v e r i f i c a t i o n  models of t h i s  program 
are compared with comparably r a t e d  production designed mechanical 
contactors  i n  t a b l e s  I V  and V. Although a comparison can be 
obtained f r o m  t h e  t a b l e s  with r e spec t  t o  t h e  electrical  performance 
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T a b l e  I V .  - Comparison of Static and Mechanical DC Contactors  
Contact 
System Voltage, Nominal (volts) 
Design Current Rating (amps) 
Current Overload (amps) 
Contact Voltage Drop (volts) 




Voltage, Nominal (volts) 
Power, Continuous (watts) 
Release Time, Max. (milliseconds) 









100, 1 minute 














100, 1 second 
1 to 1.5 
0 






(a) One percent duty cycle considered for control circuit parts 
with high-reliability components used for approximately 50 
percent of design. 
of the  two contac tor  types,  it is  obvious tha t  only an estimate of 
t he  t r u e  comparison of the  phys ica l  p r o p e r t i e s ,  such as weights and 
s i z e s  can be achieved. From the t a b l e s  it is  seen t h a t  the  s ta t ic  
con tac to r ' s  g r e a t e s t  advantage, p a r t i c u l a r l y  f o r  space electrical 
power systems, i s  i t s  p o t e n t i a l l y  g r e a t e r  mean t i m e  between f a i l u r e s  
w i t h  i t s  corresponding g r e a t e r  value of mean cyc les  between f a i l u r e s .  
O t h e r  advantages of t h e  s t a t i c  contac tor  which may be equal ly  
important are f a s t e r  response and no con tac t  bounce, which would be 
p a r t i c u l a r l y  d e s i r a b l e  i n  severe environments of mechanical shock 
and v ibra t ion .  
A s  shown i n  t a b l e s  I V  and V t h e  p r i n c i p a l  disadvantages of 
the  s t a t i c  contac tors ,  compared with t h e i r  e lectromagnet ic  counter- 
p a r t s ,  are the h igher  contac t  vo l tage  drops and t h e  obviously 
g r e a t e r  packaged weights and volumes which w i l l  r e s u l t ,  even wi th  
refinement. Another poss ib l e  disadvantage of s ta t ic  contac tors ,  
no t  s p e c i f i c a l l y  shown i n  t h e  tables, is  t h e i r  lack of complete 
electric power c i r c u i t  i s o l a t i o n ,  i n  t he  "open" condi t ion ,  between 
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Table V. - Comparison of S t a t i c  and Mechanical AC Contactors 
Contacts 
System Voltage, Single Phase, 
Design Current Rating (amps) 
Current Overload (amps) 





Voltage, Nominal (volts, dc) 
Power, Continuous (watts) 
Operating Time, Max. 
(milliseconds) 


































(a) One percent duty cycle considered for control circuit parts 
with high-reliability components used for approximately 50 
percent of design. 
I 
the  l i n e  and load a s  achieved by mechanical contac tors .  A leakage 
cur ren t  from a f e w  microamperes t o  several mill iamperes may f l o w  
depending on the  characteristics and r a t i n g  of the s e l e c t e d  switch- 
ing  device for  t h e  power contact .  
Although s t a t i c  contac tors  compared w i t h  mechanical contac tors  
( p a r t i c u l a r l y  s p e c i a l  designs)  are moxe suscep t ib l e  t o  nuc lear  
r ad ia t ion  and are l imi t ed  t o  an opera t ing  temperature less than 
125OC ( junc t ion  temperature capac i ty  of con t ro l l ed  rectifiers),  
these  l i m i t a t i o n s  have been circumvented f o r  other semiconductor 
equipment i n  earlier space electric power systems s t u d i e s .  
S t a t i c  Swi t ches  Concluding Remarks 
The electrical  characteristics and the f e a s i b i l i t y  of con- 
t r o l l i n g  ac and dc electric power w i t h  s t a t i c  switches have been 
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v e r i f i e d .  Electrical t e s t i n g  of a three-phase, ac switch rated 
a t  2.2 amperes and 115 v o l t s  per  phase demonstrated t h a t  such a 
switch w i l l  handle 250 percent  of i t s  r a t e d  c u r r e n t  f o r  power fac- 
t o r  loads ranging from 0.75 lagging t o  0.75 leading. I n t e r r u p t i o n  
t i m e s  f o r  cu r ren t s  up t o  250 percent  of r a t e d  are approximately one 
mill isecond. 
Electr ical  t e s t i n g  of a dc swi tch  rated a t  40 amperes and 28 
v o l t s  demonstrated t h a t  such a swi t ch  w i l l  handle 250 percent  of 
i t s  r a t e d  load cur ren t .  I n t e r r u p t i o n  of r a t e d  load  c u r r e n t  is 
achieved i n  approximately one mil l isecond;  overload c u r r e n t s  are 
in t e r rup ted  i n  approximately 2 t o  3 mil l i seconds .  
S ta t ic  swi tch  advantages, such as  faster response, repea ted  
cycl ing,  no a rc ing ,  and long l i f e ,  have been discussed i n  compari- 
son w i t h  i t s  electromagnet ic  counterpar t .  
I t  has been shown tha t  a s t a t i c  switch,  when compared w i t h  i t s  
mechanical counterpar t ,  would weigh more, have a greater volume, 
and d i s s i p a t e  more power because of i t s  g r e a t e r  con tac t  vo l tage  
drop. The s t a t i c  switch w i l l  be more reliable than t h e  mechanical 
contactor  because of i t s  longer mean-time-between f a i l u r e s  (MTBF) 
which, ca l cu la t ions  show, can be increased f u r t h e r  by t h e  use of 
h i g h - r e l i a b i l i t y  components. 
ANNUNCIATOR 
A n n u n c i a t o r  Funct ions  
The purpose of an annunciator is  t o  provide a system opera- 
t o r  w i t h  information concerning the  state of an electric power 
system. For example, the basic system conf igura t ion  shown i n  
f i g u r e  1 can be operated as a p a r a l l e l  system o r  as sepa ra t e  i so-  
la ted systems. An a d d i t i o n a l  func t ion  of the annunciator is t o  
inform t h e  system opera tor  as t o  t h e  loca t ion  and type of f a u l t s  
occurr ing i n  the system. Such information is used by t h e  opera tor  
t o  determine s u i t a b l e  ac t ion  f o r  maintaining peak system operat ion.  
The annunciator c o n s i s t s  of. lamps which are energized by 
either s t a t i c  switches o r  by a u x i l i a r y  con tac t s  of t h e  power 
contactor .  The  annunciator provides information t o  t h e  system 
opera tor  as t o  t h e  state of each mechanical contac tor ,  whether t h e  
system is i n  an i s o l a t e d  o r  p a r a l l e l e d  mode, and, should a f a u l t  
occur, what type of f a u l t .  Since this study involved both ac 
( i n v e r t e r )  and dc (converter)  systems, t h e  annunciator a l s o  ind i -  
ca ted  which type of system t h e  annunciator w a s  connected to. See 
reference 2 f o r  a desc r ip t ion  of t h e  con t ro l  and p ro tec t ion  cir- 
c u i t s .  The annunciator panel w a s  made compatible with either ac 
o r  dc systems. The annunciator provides i n d i c a t i o n  f o r  only one 
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channel o r  subsystem. Hence, an annunciator panel is  provided for  
each subsystem. Figure 46 shows a block diagram of t h e  annuncia- 
t o r  funct ions r e l a t i v e  t o  t h e  remainder of t h e  subsystem. 
The type of subsystem ( i n v e r t e r  or  converter)  connected t o  
t h e  annunciator is  determined by t h e  wir ing arrangement of a 
connector. The appropriate  lamp is  lit by simply grounding t h e  
lamp through t h e  connector. 
Subsystem opera t ing  mode is shown by lamps connected t o  
contac ts  of a manual switch used t o  select t h e  manual o r  automatic 
mode of system operat ion.  T h i s  switch i s  included as p a r t  of t h e  
annunciator.  
The s ta te  of t he  system is indica ted  i n  t w o  ways. F i r s t  a 
lamp assoc ia ted  with each contactor  is lit when the  contac tor  i s  
closed. The lamp is lit by aux i l i a ry  con tac t s  of t h e  contac tor .  
A second ind ica t ion  is  provided by lamps i n d i c a t i n g  whether t h e  
system is p a r a l l e l e d  o r  i so l a t ed .  The p a r a l l e l e d  state i s  
achieved only when a l l  t h r e e  of the  contac tors ,  shown i n  f i g u r e  1, 
of a subsystem are closed. The p a r a l l e l e d  s t a t e  means t h a t  t h e  
subsystem i s  capable of supplying power t o  i t s  assoc ia ted  load 
and t o  a i d  i n  supplying power t o  o the r  subsystem load busses as 
required.  T h e  i s o l a t e d  state is  ind ica ted  only when t h e  t ie-bus 
contactor  of f i gu re  1 is t r ipped  while t h e  rest of t h e  subsystem 
contac tors  are closed. The i s o l a t e d  state means t h a t  t h e  sub- 
system can supply power only t o  i t s  load bus. 
Abnormal o r  f a u l t  condi t ions are determined by t h e  subsystem 
cont ro l  and p ro tec t ion  c i r c u i t .  A lamp represent ing  each protec- 
t i v e  funct ion i s  provided. There are s i x  lamps requi red  for  t h e  
dc subsystem while t he  ac system requi res  three add i t iona l  lamps 
f o r  t h e  frequency pro tec t ion  c i r c u i t s .  
One o r  m o r e  s i g n a l s  f r o m  t h e  p ro tec t ive  c i r c u i t s  are required 
by t h e  annunciator lamp-drive t o  opera te  t h e  proper lamps. A 
combination of s igna l s  prevents a lamp from f l i c k e r i n g  during a 
t r a n s i e n t  f a u l t  condi t ion and prevents  mul t ip le  lamps from being 
l i gh ted  when a subsystem is shut  down, e i t h e r  i n t e n t i o n a l l y  o r  by 
a f a u l t  condition. The f a u l t s  normally encountered when a sub- 
system is shutdown are an undervoltage and, for  t h e  i n v e r t e r  sub- 
system, underfrequency. The following s e c t i o n s  w i l l  descr ibe  t h e  
c i r c u i t s  used t o  operate  the  f a u l t  lamps and t h e  l o g i c  s i g n a l s  
from the  cont ro l  and p ro tec t ion  c i r c u i t s  necessary t o  l i g h t  a 
p a r t i c u l a r  f a u l t  lamp. 
S e l e c t i o n  o f  Lamp-Drive C i r c u i t  
Three approaches w e r e  analyzed as means fo r  achieving v i s u a l  
ind ica t ion  of subsystem f a u l t  condi t ions.  All three methods use 
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Figure 46. - Signal Sources for Annunciator Functions 
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AND l o g i c  t o  determine when t o  l i g h t  a p a r t i c u l a r  f a u l t  lamp, b u t  
t h e  required ampl i f ica t ion  is achieved i n  d i f f e r e n t  ways. O f  t h e  
t h r e e  approaches, t h e  s i l i c o n  con t ro l l ed  r e c t i f i e r  (SCR) lamp-drive 
i s  t h e  s imples t  and most e f f i c i e n t  and imposes less loading on t h e  
cont ro l  and p ro tec t ion  c i r c u i t s .  Table V I  summarizes t h e  r e s u l t s  
of t h i s  comparison and c l e a r l y  shows t h e  SCR lamp-drive t o  be  
super ior .  
. - Figure 47 shows t h e  b a s i c  schematic 
g SCR's as t h e  lamp-control device. 
The  r e s i s t o r  and diode conf igura t ion  connected t o  t h e  SCR g a t e  
provide l o g i c  con t ro l  (AND g a t e )  and g a t e  d r i v e  f o r  t h e  SCR. T h e  
two diodes connected between t h e  cathodes of t he  SCR's and ground 
provide a reverse  bias on t h e  SCR when one or more of t h e  g a t e  
diodes a r e  grounded. The reverse  bias prevents  f a l s e  t r i g g e r i n g  
of an SCR. Another a t t r a c t i v e  f e a t u r e  of t h e  SCR, i n  t h i s  appl i -  
ca t ion ,  i s  i t s  l a t c h i n g  e f f e c t :  a lamp w i l l  remain on even a f t e r  
t h e  con t ro l  s i g n a l s  have been removed. The lamps are turned o f f  
by opening t h e  MOS which removes power t o  both the  annunciator and 
the  cont ro l  and p ro tec t ion  c i r c u i t s .  This a l s o  resets t h e  SCR's 
by decreasing t h e  anode-to-cathode cu r ren t  t o  zero. 
C o n t r o l  ti 




I I I 
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8.2 V o l t s  
CR5 
Figure 47. - SCR Lamp-Drive C i r c u i t  
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T a b l e  V I .  - Comparison of Lamp-Drive Ci rcu i t s  
Maximum Dissipation Current to 
No-Fault Condition Circuit Transistors 
For Circuit at Control and Protection 
0.150 
Because the SCR's have a high c u r r e n t  gain,  t h e  annunciator- 
cont ro l  logic loads the  respec t ive  t r a n s i s t o r s  of t h e  con t ro l  and 
pro tec t ion  c i r c u i t s  a t  normally 130 microamperes. Resistor R9 and 
Zener diode CR5 provide a regulated 8.2-volt power supply f o r  t h e  
SCR-gate d r ive  resistors. 
The power d i s s i p a t i o n  of the  annunciator f a u l t - i n d i c a t i o n  
c i r c u i t ,  a t  maximum inpu t  vo l tage ,  i s  200 m i l l i w a t t s .  Each SCR 
lamp-drive c i r c u i t  c o n s i s t s  of four  components. An a d d i t i o n a l  
s i x  components are required which are common t o  a l l  drive c i r c u i t s .  
The t o t a l  number of components f o r  t h e  f a u l t - i n d i c a t i o n  c i r c u i t  
i s  51. 
Two-transistor lamp-drive c i r c u i t .  - Figure 48 shows t h e  cir-  
c u i t  required t o  opera te  t h e  f au l t - ind ica t ion  lamps when t h e  c o n t r o l  
i s  accomplished by t r a n s i s t o r s .  The extra active device i n  t h i s  
c i r c u i t  i s  required t o  provide the l a t c h i n g  funct ion.  
i n g  i ts  base d r i v e  through lamp 11. 
r e n t  through lamp I1 is approximately one mill iampere which is 
i n s u f f i c i e n t  t o  l i g h t  lamp 11. The maximum power d i s s i p a t i o n ,  
assuming a maximum inpu t  voltage of 30 v o l t s ,  f o r  each lamp-drive 
c i r c u i t  a t  a no-faul t  condi t ion is approximately 630 m i l l i w a t t s ;  
hence t h e  e n t i r e  f au l t - ind ica t ion  c i r c u i t  r equ i r e s  about 5.7 w a t t s .  
The required load on any one of the  t r a n s i s t o r s  i n  t h e  c o n t r o l  and 
pro tec t ion  c i r c u i t s  connected t o  p ins  A and B or  C and D of f i g u r e  
48 is  normally e i g h t  mill iamperes.  Each t r a n s i s t o r  l w p - d r i v e  cir-  
c u i t  cons i s t s  of twelve components. The t o t a l  number of components 
€or  the  f au l t - ind ica t ion  c i r c u i t  is 117. 
When no f a u l t  condi t ions e x i s t ,  t r a n s i s t o r  Q11 is on, receiv- 
During t h i s  condi t ion  the  cur- 
Three- t rans is tor  lamp-drive c i r c u i t ,  - Figure 49 shows a 
second t r a n s i s t o r i z e d  lamp-drive c i r c u i t .  When no f a u l t  condi t ion  
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Figure 48 .  - Two Trans i s to r  Lamp-Drive C i r c u i t  
e x i s t s ,  t r a n s i s t o r  Q l l  i s  on but  no i n i t i a l  cu r ren t  i s  drawn 
through lamp 11. The maximum power d i s s i p a t i o n  f o r  each lamp-drive 
c i r c u i t  a t  a no-faul t  condi t ion i s  approximately 600 m i l l i w a t t s ;  
thus  t h e  maximum d i s s i p a t i o n  f o r  t h e  f au l t - ind ica t ion  c i r c u i t  i s  
approximately 5.4 w a t t s .  
This method requi res  t h r e e  more components per lamp-drive cir-  
c u i t  than the  previous approach, while wattage d i s s i p a t i o n  remains 
p r a c t i c a l l y  unchanged. The advantage of the  t h r e e - t r a n s i s t o r  
approach over t h e  two-transis tor  approach is  t h a t  t h e  requi red  
load on any one of t h e  t r a n s i s t o r s  i n  the  con t ro l  and p ro tec t ion  
c i r c u i t s  connected t o  p ins  A and B o r  C and D is  g r e a t l y  reduced. 
The two-transis tor  c i r c u i t  requi res  8 mill iamperes w h i l e  t h e  three- 
t r a n s i s t o r  c i r c u i t  reduces the  loading t o  150 microamperes. 
Multiple t r a n s i s t o r s  are used t o  assure  t h a t  once lamp I1 has 
been l i g h t e d  it w i l l  remain l i g h t e d  u n t i l  t h e  subsystem is reset. 
Each t r a n s i s t o r  lamp d r ive  c i r c u i t  c o n s i s t s  of f i f t e e n  components. 
A t o t a l  of 1 4 4  components is  required f o r  t h e  f a u l t - i n d i c a t i o n  





Annunc ia to r  C i r c u i t  Design 
The complete annunciator c i r c u i t  c o n s i s t s  of lamps, lamp- 
d r ive  c i r c u i t s ,  s i g n a l  ampl i f i e r s ,  an a d d i t i o n a l  l o g i c  element,  and 
a regulated vol tage supply. The lamps are dr iven e i t h e r  by 
switches,  aux i l i a ry  contac ts  of t h e  contac tors ,  o r  t h e  SCR lamp- 
d r ive  c i r c u i t .  This s e c t i o n  descr ibes  t h e  lamp-drive c i r c u i t  and 
the  add i t iona l  l o g i c  required t o  prevent  mul t ip le  f a u l t  i nd ica t ions .  
Faul t - indicat ion c i r c u i t .  - Figure 47 shows a schematic dia- 
gram of the  f au l t - ind ica t ion  c i r c u i t .  The c i r c u i t  c o n s i s t s  of 
nine lamp-drive c i r c u i t s  i d e n t i f i e d  as (I1 through 1 9 ) .  The SCR 
(CR14)  con t ro l s  t h e  cu r ren t  through lamp 11. Once t h e  SCR i s  
turned on, it w i l l  remain on u n t i l  t he  anode c u r r e n t  is  reduced 
t o  near ly  ze ro .  The AND gate cons i s t ing  of diodes CRlO and C R l l  
and r e s i s t o r  R10  determines when CR14  w i l l  be  turned on. The 
switch i n  series with t h e  power supply (MOS) resets t h e  c o n t r o l  
and pro tec t ion  c i r c u i t s  of the  power subsystem. When MOS i s  i n  t h e  
reset pos i t ion ,  power i s  removed from both t h e  con t ro l  and protec- 
t i o n  c i r c u i t s  and the  annunciator.  Thus, CR14 i s  turned o f f  
because no cu r ren t  flows from anode t o  cathode. Poin ts  A and B 
of t h e  AND g a t e  are connected t o  the  c o l l e c t o r s  of t r a n s i s t o r s  
wi th in  the  con t ro l  and pro tec t ion  (C/P) c i r c u i t s  of e i t h e r  t h e  
i n v e r t e r  o r  t h e  converter  subsystem. Resistor R 1 0  provides d r i v e  
t o  t h e  SCR g a t e  whenever both diodes of t h e  AND g a t e  are reverse- 
biased. The g a t e  cu r ren t  is  suppl ied by an 8.2-volt  regula ted  
power supply cons i s t ing  of r e s i s t o r  R9 and Zener diode CR5. 
Additional annunciator f a u l t  log ic .  - The purpose of t h i s  
l o g i c  i s  t o  prevent mul t ip le - fau l t  i nd ica t ions .  Mult iple  f a u l t s  
are e s t ab l i shed  when any f a u l t  shu t s  down an i n v e r t e r  o r  converter .  
Fau l t s  ind ica ted  when an i n v e r t e r  o r  converter  is  s h u t  down a r e  
undervoltage and, f o r  t h e  i n v e r t e r ,  underfrequency. Since t h e  
i n t e n t  of t h e  annunciator i s  t o  i n d i c a t e  only t r u e  f a u l t s ,  t hese  
mul t ip le - fau l t  i nd ica t ions  must be prevented. Figure 50 shows t h e  
schematic diagram of f i g u r e  47 with the  add i t ion  of a "lock-out" 
c i r c u i t .  
The lock-out c i r c u i t  is b a s i c a l l y  an AND g a t e  wi th  two s t ages  
of inversion. The inpu t  t o  t h e  lock-out c i r c u i t  is connected t o  
t h e  anodes of s e l e c t e d  S C R ' s  . If a l l  t h e  SCR's are o f f ,  t h e  AND 
gate  i s  s a t i s f i e d  (CR1, CR2, and CR3 reversed biased)  and Q1 i s  
o f f .  If any one of t h e  S C R ' s  is  on, Q1 is turned on, e f f e c t i v e l y  
grounding the  ga tes  of the  SCR lamp-circuits through diodes CR4, 
CR5, and CR6. 
The lock-out c i r c u i t  then adds another condi t ion t o  t h e  AND 
ga te  of t h e  f au l t - ind ica t ing  c i r c u i t .  For example, i f  s i g n a l s  X 
and Y represent  two s i g n a l s  required t o  opera te  a f a u l t  i n d i c a t o r ,  





























LIGHT LAMP = X * Y E. 
Fault Condition 
(Lamp Identification) 
1 OV (overvoltage) 
2 uv (undervoltage) 
3 LD (load division) 
4 DP (differential current) 
5 LB (load-bus overcurrent) 
6 TB (tie-bus overcurrent) 
7 OF (over frequency) 
8 UF (underf requency) 
9 FR (frequency reference) 
This equation is  read: 
X and Y and NOT LO a r e  present .  
t h e  lamp is l i g h t e d  only when s i g n a l s  
In t eg ra t ion  of annunciator with C/P l o g i c  c i r c u i t .  - Signals  
from t h e  cont ro l  and p ro tec t ion  l o g i c  c i r c u i t s  are def ined i n  
t a b l e s  V I 1  and V I I I .  These s i g n a l s  are appl ied  t o  AND g a t e s  i n  t h e  
annunciator l o g i c  c i r c u i t s  t o  determine the  appropr ia te  lamp t o  
l i g h t .  The annunciator develops add i t iona l  l o g i c  s i g n a l s  wi th in  
i t s e l f  t o  prevent mul t ip le - fau l t  i nd ica t ions .  Mult iple  f a u l t s  
may be ind ica ted  when a system f a u l t  r e s u l t s  i n  subsystem shut- 
down. The following f a u l t s  cause e i t h e r  t h e  I C C  o r  CCC ( f i g u r e  1) 
t o  t r i p :  overvoltage (OV) , undervoltage (UV) , d i f f e r e n t i a l  protec- 
t i o n  ( D P ) ,  load bus (LB) , overfrequency ( O F ) ,  and underfrequency 
( U F ) .  Lamps lit due t o  any of these s i g n a l s  a c t i v a t e  t h e  lock-out 
c i r c u i t  previously described. The lock-out c i r c u i t  prevents  t h e  
OV, U V ,  UF, and OF lamps from l igh t ing .  
Required Signals From 
Protection Logic 
A - E  




H . 1  
C * E  
D O E  
K 
Table V I I .  - Required Logic Signals  from I n v e r t e r  Control and 












Signal from OV sensing circuit 
Signal from time delay activated by either OV, W, OF, or 
Signal from W sensing circuit 
Signal from LD sensing circuit and associated time delay 
Signal from DP sensing circuit 
Signal from load bus (LB) overcurrent sensing circuit and 
associated time delay 
Signal indicating either a tie-bus or a load-bus overcurrent 
Signal indicating that signal J is not present (NOT J) 
Signal from OF sensing circuit 
Signal from UF sensing circuit 
Signal indicating failure in the reference frequency 
UF sensing circuit 
oscillator 
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T a b l e  V I I I .  - Required Logic S igna ls  f r o m  Converter Control and 
P ro tec t ion  C i r c u i t s  t o  Operate Annunciator ' 
k 
Fault Condition Required Signals From 
(Lamp Identification Protection Logic 
1 OV (overvoltage) A * C  
2 uv (undervoltage) B . C  
4 DP (differential current) E * F  
5 LB (load-bus overcurrent) E * I  
6 TB (tie-bus overcurrent) G * J  
3 LD (load division) H 
SIGNAL I DENT IF IC AT ION 
Signal from OV sensing circuit 
Signal from W sensing circuit 
Signal from time delay activated by either OV or W 
Signal from LD sensing circuit and associated time delay 
Signal representing either a DP or a Load-Bus Fault 
Signal from DP sensing circuit 
Signal indicating that a load bus overcurrent initiated 
Tie-bus contact or trip signal 
Signal indicating that signal G was the result of a fault 
signal E through time delays 
on the tie bus 
Tables VI1 and VI11 show t h e  s i g n a l  combinations for each 
f a u l t  i nd ica t ion ,  For example, t h e  TB lamp is  lit only when sig- 
n a l s  H (AND) I are present .  The f i r s t  of t h e  t w o  s i g n a l s  r ep resen t  
t h e  sensed funct ion,  while t he  second i n d i c a t e s  t h a t  a t i m e  delay 
has elapsed. 
t r a n s i e n t  abnormal condi t ions.  
This is  necessary t o  prevent  lamp l i g h t i n g  during 
The AND g a t e  drive for  t h e  SCR's r ep resen t s  a very s m a l l  load 
on the  p ro tec t ion  c i r c u i t s .  
diodes i n  t h e  AND gate .  
c i r c u i t s  is  no t  a l t e r e d  by t h e  annunciator,  
Signal  i s o l a t i o n  is provided by t h e  
Hence, t h e  opera t ion  of the  p ro tec t ion  
A n n  u n  c i  a t  o r Ve r i f i c a t  i on 
Annunciator c i r c u i t  design w a s  v e r i f i e d  by bu i ld ing  t w o  
u n i t s  f o r  t he  con t ro l  and p ro tec t ion  c i r c u i t s  descr ibed i n  t h e  
r e p o r t  e n t i t l e d  "Inverter-Converter Automatic P a r a l l e l i n g  and 
Protect ion" ( r e f .  2 )  , Figure 51 is a schematic diagram of t h e  
annunciator c i r c u i t .  Figures 52  and 53 show t h e  o r i g i n  of t h e  
s i g n a l s  i n  t h e  i n v e r t e r  and converter  con t ro l  and p r o t e c t i o n  cir- 
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Figure 54.  - Annunciator Front Panel 
c u i t s  used t o  opera te  t h e  annunciator.  Figure 5 4  shows t h e  lay- 
ou t  of t h e  lamps and manual switches,  T h e  u n i t s  w e r e  connected t o  
both t h e  p a r a l l e l e d  ac and p a r a l l e l e d  dc systems. The appropr ia te  
lamps w e r e  lit t o  i n d i c a t e  the  var ious modes of system opera t ion  
and t h e  f a u l t  condi t ions appl ied t o  t h e  system. 
A n n u n c i a t o r  C o n c l u d i n g  R e m a r k s  
Design and experimental  v e r i f i c a t i o n  have demonstrated t h a t  
a v i s u a l  annunciator system can be used t o  d i sp l ay  t h e  s ta te  of 
an electric power system. This d i sp lay  i n d i c a t e s  whether a multi-  
channel electrical system is  opera t ing  i n  a p a r a l l e l  mode o r  an 
i s o l a t e d  mode and a l s o  i n d i c a t e s  whether an abnormal condi t ion 
has  occurred i n  the  system. 
Such an annunciation system can be used i n  e i t h e r  an ac o r  a 
dc system and requi res  a very small  amount of power (e.g., 0.2 
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